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11.  High  Specific  Heat  Dielectrics  and  Kapitza  Resistance  at  Dielectric 
Boundaries. 
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Thermal  properties  work  has  included  the  measurement  of  the  specific 
heat  and  thermal  conductivity  of  the  CdC^O^  spinels  and  of  several  CsCji 
structure  heavy  metal  halides  in  the  temperature  range  of  1.5  to  35K.  The 
specific  heat  data  for  the  spinels  was  analyzed  in  terms  of  both  lattice 
phonons  and  magnetic  contributions.  The  dependence  of  the  spinels'  thermal 
conductivity  on  magnetic  fields  up  to  15T  was  studied  and  magnetocaloric 
data  has  been  obtained.  For  both  the  Zn  and  Cd  spinels,  the  latter  results 
showed  a  paramagnetic  behavior  with  demagnetization  cooling  and  magnetiza¬ 
tion  heating.  Theory  has  been  developed  tg  explain  some  of  the  magneto¬ 
caloric  effects  in  the  new  spinels,  CdCr^  and  ZnC^O^. 
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1.  Final  Report,  Fundamental  Physics  Studies  on  High- 
Specific-Heat  Dielectrics  and  Kapitza  Resistance  at 
Dielectric  Boundaries 
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P.  W.  Eckels,  J.  H.  Parker  Jr.,  W.  N.  Lawless,  C.  F.  Clark 
R.  W.  Arenz  and  B.  R.  Patton 


2.  ABSTRACT 


This  program  is  divided  into  two  separate  parts:  Kapitza  and 
thermal  properties  studies.  Two  separate  Kapitza  conductance  test  facili¬ 
ties  have  been  designed  and  fabricated  for  both  solid-solid  and  for  solid- 
liquid  He  II  measurements.  Data  has  been  obtained  for  copper  to  Ts.Q, 

Hel i urn  II. 

The  Kapitza  conductance  of  Li F  and  KBr  single  crystals  has 
been  measured  immediately  after  cleaving  under  pure  He  II.  Heating 
techniques  were  used  to  evaluate  the  Conductance  and  it  approaches  the 
phonon  radiation  limit  for  these  materials.  Cleaving  LiF  under  He  II 
reduced  the  Kapitza  conductance  compared  to  an  aged,  cleaved  surface 
by  only  a  small  fraction.  Despite  the  very  good  cleaved  surface  obtained 
with  LiF  crystals,  the  results  suggest  that  sufficient  micro- fracturing 
of  the  surface  occurs  upon  cleaving  to  significantly  increase  the  Kapitza 
conductance  over  the  acoustic  mismatch  theory  values.  These  results 
are  in  contradiction  to  results  obtained  by  phonon  reflection  techniques. 

Thermal  properties  work  has  included  the  measurement  of  the 
specific  heat  and  thermal  conductivity  of  the  CdCr204  and  ZnCr204  spinels 
and  of  several  CsC2.  structure  heavy  metal  halides  in  the  temperature 
range  of  1.5  to  35K.  The  specific  heat  data  for  the  spinels  was  analyzed 
in  terms  of  both  lattice  phonons  and  magnetic  contributions.  The  depen¬ 
dence  of  the  spinels'  thermal  conductivity  on  magnetic  fields  up  to  1 5T 
was  studied  and  magnetocaloric  data  has  been  obtained.  For  both  the  Zn 
and  Cd  spinels,  the  latter  results  showed  a  paramagnetic  behavio.  with 
demagnetization  cooling  and  magnetization  heating. 
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3.  PROGRAM  OBJECTIVES 

•  Carry  out  experimental  studies  on  solid-solid  and  solid- 
liquid  helium  Kapitza  conductance. 

•  Study  the  effect  of  surface  defect  centers  and  surface 
roughness  on  the  so, id-liquid  helium  Kapitza  conductance 
for  alkali  halide  materials. 

•  Analyze  the  Kapitza  conductance  data  in  terms  of  existing 
theoretical  models. 

0  Obtain  and  analyze  specific  heat  data  for  spinel -col umbi te 
and  alkali  halide  materials. 

0  Obtain  and  analyze  thermal  conductivity  data  for  spinel- 
col  umbi  te  and  alkali  halide  materials. 

0  Study  the  effect  of  magnetic  fields  on  both  the  specific 
heat  and  thermal  conductivity. 

0  Develop  theoretical  models  to  interpret  the  above 
experimental  results. 
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The  long-range  purpose  of  this  program  is  to  study  insulating 
materials  having  potential  as  low-temperature  superconducting  wire 
insulations.  The  insulations  are  agglomerates  and  the  thermal  conduc¬ 
tivity  of  agglomerates  at  low  temperature  is  to  a  great  extent  controlled 
by  the  Kapitza  conductance  of  the  species'  interface.  Our  approach  to 
this  study  is  to  gain  understanding  of  the  material  parameters  affecting 
the  Kapitza  conductance.  In  describing  our  progress  in  this  program 
we  have  reported  the  Kapitza  studies  and  the  other  thermal  properties 
work  in  separate  sections  starting  with  the  Kapitza  conductance  studies. 

4.1  Kapitza  Studies 

The  Kapitza  resistance  at  the  interface  of  a  superconductor 
surrounded  by  an  insulator  can  become  significant  under  several  different 
conditions.  For  instance  at  the  beginning  of  a  transient  heat  pulse  the 
effective  heat  transfer  coefficient  in  a  homogeneous  material  may  be  of  the 
same  size  as  the  Kapitza  conductance  at  its  surface.  Another  condition 
when  the  Kapitza  resistance  can  be  the  limiting  factor  in  heat  flow 
occurs  in  composite  materials  when  a  large  number  of  particles  of  one 
material  are  mixed  into  another  material.  In  this  case  the  number  of 
surface  interfaces  between  the  particles  is  so  large  that  the  total 
Kapitza  resistance  in  the  composite  becomes  large. 

Both  of  these  conditions  occur  for  the  materials  presently 
being  considered  as  a  new  generation  of  superconductor  insulators  and 
therefore  there  is  a  motivation  for  studying  the  Kapitza  resistance  of 
both  solid-liquid  and  solid-solid  interfaces  in  order  to  develop  a  basic 
physical  understanding  as  well  as  to  provide  engineering  numbers  for 
design  purposes. 


At  low  temperatures,  heat  is  transmitted  by  phonons  and  the 
limiting  rate  of  transfer  can  be  computed  as  the  phonon  radiation  limit 
(PRL).^  Various  acoustic  transmission  theories  predict  phonon  trans¬ 
mission  rates  that  may  be  several  orders  of  magnitude  less  than  the  PRL. 
Khalatnikov  originated  the  first  of  these  theories  and  others  extended 
the  acoustic  mismatch  theories  (AM)  attempting  to  explain  the  anomalously 
high  interface  thermal  resistance  measured  in  the  laboratory.  Typically 
the  measured  values  are  found  to  lie  nearer  the  PRL  than  the  acoustic 
predictions.  The  anomalously  large  transmission  is  attributed  to  solid 
material  effects  by  some  researchers  and  to  superfluid  liquid  effects 
by  others.  We  have  approached  this  study  by  concentrating  upon  the  material 
effects  and  by  evaluating  the  Kapitza  conductance  using  heat  transmission 
into  superfluid  helium  and  into  solids. 

Since  the  Kapitza  conductance  is  a  phonon  transmission  phenomena 
some  experimenters  have  evaluated  the  conductance  as  the  ratio  of  reflected 
to  incident  phonon  energy  from  the  material  surface.  The  conductance 
is  then  presented  as  a  fraction  of  the  PRL.  Of  particular  interest  to 
this  study  is  phonon  data  reported  by  Weber  et  al.^  that  indicates 
the  absence  of  the  anomalous  Kapitza  conductance  in  single  crystals  of 
NaF  and  Li F  which  were  cleaved  under  liquid  helium.  Apparently  contaminate 
and  strain  free  smooth  surfaces  obtained  by  cleaving  under  liquid  helium 
could  be  produced  for  study. 

Kapitza  measurements  must  be  made  under  a  variety  of  experimental 
conditions  such  as  sol id-to-sol id  and  sol id-to-1 iquid  helium  interfaces 
(and  possibly  sol id-to-gaseous  helium  interfaces).  The  temperature  con¬ 
ditions  can  vary  from  the  critical  point  of  liquid  helium  (5.25K)  to 
below  1.5K  and  with  pressures  up  to  at  least  2.26  atm.  (the  critical 
pressure  of  He^) . 

4.1.1  Kapitza  Conductance  of  Li F  and  KBr  Cleaved  Under  He  II 

After  an  extensive  literature  search,  an  optical  dewar  was 
prepared  in  which  a  single  crystal  could  be  cleaved  under  He  II.  Con¬ 
siderable  effort  was  expended  in  developing  a  solid  sample  support  system 


that  had  acceptable  heat  leak  characteristics  and  which  was  compatible 

with  cooldown  contraction.  The  present  design  surrounds  a  right  circular 

cylindrical  crystal  with  a  teflon  canister  that  uniformly  shrinks  onto  the 

crystal  at  low  temperature.  The  diameter  of  the  cylinder  is  1  cm  and 

the  length  is  about  2  cm.  Support  is  provided  for  the  teflon  by  the 

metal  dewar  walls.  Carbon  resistors  are  used  as  temperature  sensors,  and 

they  are  placed  in  holes  drilled  into  the  crystals.  Copper  leads  to 

the  thermometers  are  coiled  inside  the  holes  in  the  crystals  and  actually 

make  the  thermal  contact  to  the  crystal.  The  thermometers  are  calibrated 

during  each  run  at  each  experimental  point  using  the  saturation  temperature- 

pressure  relation  for  helium.  A  heater  (wire  wound)  is  applied  to  the 

recessed  end  of  the  crystal  with  GE  lacquer.  Heat  fluxes  in  excess  of 
2 

1  W/cm  can  be  generated  by  the  heater.  Two  carbon  resistors  are  posi¬ 
tioned  along  the  sample  to  provide  redundancy  and  establish  the  temperature 
gradient  in  the  sample.  A  third  carbon  resistor  indicates  the  bath 
temperature. 

Initial  tests  were  performed  with  copper  to  prove  the  experi¬ 
mental  apparatus.  These  tests  yielded  Kapitza  values  that  have  been  found 
by  others.  Subsequently  KBr  and  Li F  crystals  were  tested.  The  measured 
values  for  all  of  the  crystals  cleaved  under  liquid  helium  were  33%  of 

the  PRL  or  higher.  We  have  not  been  able  to  reproduce  the  phonon  propa- 

(3) 

gation  results  of  Weber  et  al .  It  should  be  noted  that  Wyatt,  in  a 
postscript  to  his  paper  in  the  1980  NATO  Summer  Workshop  on  Nonequilibrium 
Phonons,  indicates  that  the  reflection  technique  may  not  give  any  useful 
information  on  the  anomalous  transmission  of  phonons  across  interfaces. 

We  appear  to  have  confirmed  that  speculation. 

Summarizing  the  results,  the  Kapitza  conductance  of  Li F  and 
KBr  single  crystals  have  been  measured  immediately  after  cleaving  under 
pure  He  II.  Heating  techniques  were  used  to  evaluate  the  conductance 
and  it  approaches  the  phonon  radiation  limit  for  these  materials.  Cleaving 
LiF  under  He  II  reduced  the  Kapitza  conductance  compared  to  an  aged, 
cleaved  surface  by  only  a  few  percent.  Despite  the  very  good  cleaved 
surface  obtained  with  UF  crystals,  the  results  suggest  that  sufficient 


micro-fracturing  of  the  surface  occurs  upon  cleaving  to  significantly 
increase  the  Kapitza  conductance  over  the  acoustic  mismatch  theory  values. 

It  is  evident  that  surface  contamination  is  a  small  part  of 

the  "anomalous"  Kapitza  conductance  for  Li F.  The  Kapitza  conductance 

of  cleaved  Li F  is  two  orders  of  magnitude  above  the  acoustic  mismatch 

2  4 

theory  prediction,  0.0009  W/cm  -K  ,  and  more  than  one  order  of 
magnitude  larger  than  any  modification  of  that  theory.  These  results, 
obtained  by  heating,  are  remarkably  different  from  those  reported  using 
phonon  reflection  techniques  and  it  appears  that  further  effort  in  trying 
to  resolve  the  difference  between  the  two  measuring  techniques  would  be 
useful . 

Because  of  our  inability  to  significantly  reduce  the  Kapitza 
conductance  of  Li F  toward  the  acoustic  limit  by  conventional  techniques, 
further  study  of  Li F  may  be  useful  in  fundamental  Kapitza  conductance 
experiments.  In  the  absence  of  any  other  theories,  we  conclude  that 
surface  microstructure  is  primarily  responsible  for  the  anomalous  Kapitza 
conductance  in  Li F  since  surface  impurities  and  volumetric  imperfections 
in  these  tests  were  minimal.  In  particular,  surface  microstructure 
studies  coordinated  with  theoretical  analysis  of  the  type  published 
by  Shiren  appear  to  be  an  appropriate  next  step. 

4.1.2  Kapitza  Research:  Solid-Solid 

For  summary  purposes,  the  reports  documenting  this  research 
are  collected  in  Appendix  B  and  are  referenced  below  by  date  [e.g., 
(1-2-85)  refers  to  the  Report  of  Jan.  2,  1985]. 

A  low  temperature  probe  specifically  designed  for  Kapitza 
measurements  was  constructed  at  CeramPhysics  during  the  first  phase  of 
the  contract  and  was  described  in  the  report  of  1-5-84.  The  probe  has 
a  copper  block  acting  as  a  thermal  reservoir  and  is  attached  to  a  liquid 
helium  subpot.  The  reservoir  is  surrounded  by  an  adiabatic  shield  also 
anchored  to  the  subpot.  This  entire  assembly  is  thermally  isolated  from 
a  flange  which  is  also  the  attachment  point  for  a  vacuum  can  surrounding 


the  entire  low-temperature  end  of  the  probe.  Temperature  control  is 
achieved  by  either  pumping  on  the  subpot  through  a  mechanical  regulator 
valve  or  with  a  heater  connected  to  an  electronic  temperature  controller. 

The  working  space  inside  the  adiabatic  shield  was  large  enough 
for  two  Kapitza-interface  samples  each  10-12  cm  long  including  support. 
Since  the  solid-solid  Kapitza  interfaces  were  all  pressure  contacts,  the 
supports  consisted  of  a  nylon  yoke  bolted  to  a  copper  platform  which  in 
turn  was  attached  to  the  reservoir.  Since  nylon  thermally  contracts  more 
than  metals  or  the  other  dielectrics  used  in  these  experiments,  the 
yoke  applied  large  pressures  to  the  Kapitza  interfaces  at  low  temperatures. 
The  error  introduced  by  the  extra  heat  path  of  the  nylon  yoke  was  negli¬ 
gible  due  to  the  lower  thermal  conductivity  of  the  nylon. 

In  solid-solid  Kapitza  interface  measurements,  there  are  two 
basic  experimental  arrangements  determined  by  the  thermal  conductivity 
of  the  materials  involved.  The  first  of  these  is  described  and  used  in 
the  reports  of  10-10-84  and  2-15-85  and  the  second  is  described  in  the 
report  of  8-8-85.  The  two  methods  differ  in  the  physical  arrangement  of 
high  and  low  thermal  conductivity  materials.  The  simplest  arrangement 
measures  the  Kapitza  resistance  at  the  interface  between  two  high  conduc¬ 
tivity  materials.  The  proper  experimental  method  for  these  types  of 
measurements  is  to  place  two  thermometers  on  each  of  the  two  materials 
which  are  then  pressed  together  to  form  a  Kapitza  interface.  A  heat 
flow  is  established  along  the  materials  and  across  the  interface  by 
powering  an  electrical  heater  at  the  end  of  the  samples  farthest  from  the 
reservoir.  Two  thermometers  on  the  material  permit  the  temperature 
gradient  along  the  material  to  be  measured  and  extrapolated  to  the  inter¬ 
face.  If  this  is  done  in  both  materials,  the  Kapitza  resistance  can  be 
directly  calculated  from  the  temperature  drop  across  the  interface. 

This  method  works  well  in  practice  for  two  materials  with 
large  thermal  conductivities,  but  a  problem  arises  if  one  of  the  materials 
has  a  small  thermal  conductivity  (e.g.,  10  W/cm»K).  In  this  case  it 
is  impossible  to  know  the  position  of  the  thermometers  well  enough  to 


extrapolate  to  the  interface  temperature,  T,  with  enough  accuracy  to  make 
the  measurement.  That  is,  the  uncertainty  of  the  temperature  at  the 
interface  is  much  larger  than  the  temperature  drop  due  to  the  Kapitza 
resistance. 

This  problem  can  be  overcome  with  a  different  physical  arrange¬ 
ment.  A  thin  section  50  microns)  of  the  low  thermal  conductivity 
material  is  placed  between  two  rods  of  high  thermal  conductivity  material 
and  the  temperature  gradient  along  each  of  these  is  extrapolated  to  the 
nearest  interface.  The  temperature  drop  due  to  the  thermal  conductivity 
of  the  slice  is  then  subtracted  from  the  total  drop,  leaving  the  Kapitza 
drop  across  two  interfaces. 

Once  the  Kapitza  resistance,  R^,  is  found,  it  was  fit  to  an 
equation  of  the  form 

Rk  =  DT~n  (cm2-K/W) 

where  D  and  n  are  constants.  A  number  of  experiments  were  run  with  different 
interfaces.  Without  exception  RK  was  described  very  well  by  the  above 
equation.  Initial  tests  (10-10-84)  were  run  between  bare  copper  and 
thallium  chloride  (T1C1).  The  fitted  results  were  D  =  3.1  x  10^  and 
n  =  2.16.  The  value  of  n  is  well  within  the  range  of  typical  values 
for  solid-solid  interfaces  but  D  is  extremely  high.  However,  neither 
interface  surface  was  polished  which  led  to  a  large  overestimate  of  the 
surface  area  in  contact  which  led  to  the  large  D  value. 

For  all  further  measurements,  all  the  interface  surfaces  were 
polished  to  optical  flatness.  D  was  thereby  lowered  by  at  least  two 
orders  of  magnitude,  but  in  fact  was  probably  still  too  high  because 
even  polished  surfaces  are  in  contact  over  only  a  small  fraction  of  their 
areas. 

Another  set  of  experiments  was  performed  on  Csl  versus  copper 
interfaces  (2-15-85).  Csl  (and  T1C1)  have  higher  thermal  conductivities 
than  any  other  dielectrics  (with  the  exception  of  sapphire)  that  have 


been  used  in  Kapitza  measurements.  The  Csl  rods  were  interfaced  with 
both  Ni -plated  and  bare  copper  rods.  Note  that  the  copper  sheathing 
on  superconductors  will  be  nickel-plated  before  an  insulation  coating 
is  applied.  The  results  were  n  =  2.76,  D  =  144  and  n  =  2/82.  D  =  411 
for  the  unplated  and  plated  interfaces  respectively.  The  n  values  are 
practically  identical  and  the  values  of  D  are  within  the  range  of  uncer¬ 
tainty  due  to  the  uncertainty  of  contact  area. 

Finally,  a  series  of  experiments  were  performed  using  slices 
of  low  thermal  conductivity  material  between  either  Ni -plated  copper 
rods  or  Csl  rods  (8-8-85).  The  first  low-thermal  conductivity  material 
was  SCI C  which  is  the  probable  material  of  choice  for  incorporation  in 
superconductor  insulators  because  of  its  excessively  high  specific  heat 
at  low  temperatures.  This  material  has  been  extensively  investigated  in 
other  Air  Force  programs.  A  second  material  was  50%/ 50%  (by  weight) 
cdramic/glass  mixture  of  SC1C  and  3072  glass  which  is  the  favored  glass 
(and  mixing  ratio)  for  the  Westinghouse  superconductor  insulation  pro¬ 
cedure.  A  third  material  was  SC1D  which  is  a  chemical  analog  of  SC1C, 
both  having  B-site  spinel  structures.  The  final  material  was  a  50%/50% 
ceramic/glass  mixture  of  SC1A  and  3072  glass.  SC1A  has  also  been  thoroughly 
investigated  in  the  Air  Force  insulation  programs,  primarily  as  a  high 
thermal  conductivity  additive  to  the  glass  insulators. 

The  results  of  these  measurements  were:  for  a  Cu-SCIC  inter¬ 
face,  n  =  2.58  and  D  =  244;  for  a  Cu-SCID  interface,  n  =  2.38  and  D  =  778; 
for  a  Cu-SClA/3072  interface,  n  =  2.27  and  D  =  673;  for  a  CsI-SCl C/3072 
interface,  n  =  1.92  and  0  =  12720.  The  value  of  D  for  the  last  measurement 
is  anomalously  higher  than  the  rest  probably  because  the  Csl  interfaces 
could  not  be  polished  as  well  as  the  Cu  interfaces,  thus  increasing  the 
over-estimate  of  the  interface  area. 

The  temperature  dependences  are  very  consistent  with  a  wealth 
of  previous  data  by  other  workers  on  a  wide  variety  of  different  inter¬ 
faces.  The  wel 1 -accepted  acoustical  mismatch  theory  of  Kapitza  resistance 
predicts  a  temperature  dependence  of  n  =  3  for  ideal  surfaces,  but  most 
real  surfaces  differ  from  this  because  of  imperfections  of  many  types  at 
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the  interface,  and  these  imperfections  usually  lower  n,  as  was  found 
in  these  experiments.  No  attempt  (other  than  Ni -pi at i ng  the  copper  rods) 
was  made  to  lower  the  imperfections  of  the  surfaces  in  these  experiments. 
Thus  the  results  here  (especially  the  temperature  depencences)  should 
be  accurate  representations  of  the  Kapitza  resistance  of  real  insulators 
on  Ni -plated  superconducting  wire. 
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4.2  Experimental  Thermal  Properties  Studies 


The  purpose  of  this  part  of  the  program  is  to  determine  and 
understand  the  thermal  properties  (specific  heat  and  thermal  conductivity) 
of  a  recently  formulated  group  of  compounds  having  potential  as  super¬ 
conducting  wire  insulation  in  the  future. 


4.2.1  Heavy-metal  Ion  Alkali  Halides 


Specific-heat  and  thermal -conductivity  measurements  in  the 
temperature  range  of  1.7  to  20  K  were  made  on  single  crystals  of  CsBr, 

Csl,  TIBr ,  and  T1C1  and  on  a  polycrystall ine  sample  of  Til.  All  crystals 
display  minima  in  the  effective  Debye  temperatures  which  are  reflected 

3 

in  maxima  in  C/T  versus  T  curves,  and  these  extrema  are  expecially 
pronounced  for  T1C1.  Comparisons  are  made  with  the  predictions  of  existing 
lattice  dynamics  calculations,  and  the  specific  heat  of  TIBr  is  in  very 
good  agreement  with  the  shell -model  calculations  of  Cowley  and  Okazaki. 
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A  Schottky  specific  heat  term  is  resolved  in  the  cesium  halides  at  the 

lowest  temperatures  and  attributed  to  hydroxyl  ions;  by  adopting  the 

—  20  -3 

zero-field  splitting  for  OH  in  KC1 ,  hydroxyl  concentrations  MO  cm 

3 

are  estimated  in  CsBr  and  Csl.  The  C/T  maxima  are  fitted  with  Einstein 
terms  added  to  the  Debye  backgrounds,  and  these  fittings  (together  with 
the  Schottky  fits  for  CsBr  and  Csl)  yield  the  following  Debye  temperatures: 
CsBr,  145  K;  Csl,  124  K;  TIBr,  116  K;  T1C11  120  K;  and  Til,  103  K. 

Thermal  conductivity  data  for  all  crystals  display  maxima  at  ^  4-5  K 

3 

and  an  apparent  T  boundary-scattering  regime  at  the  lowest  temperatures. 
Phonon  mean  free  paths  at  the  higher  temperatures  are  analyzed  according 
to  the  Peierls  relation,  and  for  CsBr  and  T1C1  it  is  found  thac  the 
Debye  modes  are  the  dominant  heat  carriers.  For  the  remaining  crystals. 
The  Einstein  modes  also  carry  heat.  The  Einstein  modes  at  these  higher 
temperatures  dominate  the  specific  heats,  contributing  up  to  75%  in  the 
case  of  T1C1.  Thermal  conductivity  measurements  were  also  made  on  thin 
crystals  0.05  cm)  of  CsBr,  TIBr,  and  T1C1  to  examine  the  boundary¬ 
scattering  region.  It  is  found  that  in  this  region  the  limiting  phonon 
mean  free  path  for  CsBr  scales  with  the  crystal  dimension,  and  it  is 
suggested  that  the  suppression  of  the  thermal  conductivity  may  be  due 
to  the  hydroxyl  concentration.  For  TIBr  and  T1C1,  the  limiting  phonon 
mean  free  path  is  ^  0.01  cm  and  is  independent  of  the  crystal  thickness; 
this  behavior  is  attributed  to  a  mosaic  structure  within  these  crystals. 

These  results  have  been  published  [W.  N.  Lawless,  Phys.  Rev. 

B30,  6057  (1984)],  and  a  reprint  is  attached  in  Appendix  C. 

In  addition  to  the  above  published  studies,  interesting  new 
magnetic  phenomena  were  discovered  in  a  CsBr  single  crystal  at  low 
temperatures  (7-31-84,  see  below).  Namely,  the  thermal  conductivity 
displays  a  maximum  at  ^  8  T,  rising  -v  35%  above  the  zero-field  value, 
and  the  dielectric  constant  is  suppressed  by  ^  4%  in  a  field  of  15  T. 

The  implication  here  is  that  both  the  acoustic  and  optic  modes  in  CsBr 
are  H-field  dependent,  due  possibly  to  vibronic  effects. 
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4.2.2  Cadmium  and  Zinc  Chromite  Spinels 


For  convenience,  the  reports  documenting  the  research  here  are 
collected  in  Appendix  D  and  are  referenced  below  by  date.  For  example, 
a  reference  in  parentheses  such  as  (1-2-85)  refers  to  the  Letter  Report 
of  January  2,  1985  titled  Spinel  Studies. 

The  spinels  studied  here  at  low  temperatures  are  CdCr204  and 
ZnCr204,  and  a  literature  survey  (4-17-84)  revealed  that  the  low-temperature 
properties  of  these  spinels  have  not  previously  been  explored  due  in  part 
to  the  difficulty  of  preparing  bulk  samples. 

Specific  Heat 

High  precision  specific  heat  data  on  the  CdCr^O^  and  ZnC^O^ 
spinels  (9-2-83,  10-1-83)  were  analyzed  according  to  simple  models  (1-23-84), 
taking  into  account  the  minor  columbite  phases  present  that  act  as  minerali¬ 
zers  in  the  ceramic  formation.  The  Debye  temperatures  for  CdCr^O^  and 
ZnCr204  so  detemrined  (420  and  463  K,  respectively)  agree  very  well  with 
the  predictions  of  the  Lindemann  relation  (414  and  469  K). 

These  Cd  and  Zn  spinels  display  enormous  specific  heat  maxima 

(T  =  8  and  10.5  K,  respectively)  of  technological  importance.  At  tempera- 

c  3 

tures  well  below  Tc,  antiferrimagnetic  spin  waves  contribute  a  T  term 

to  the  specific  heat,  and  these  spin  waves  are  characterized  by 

CdCr204  :  Js/ca  =  5.943  x  10'16  erg 

ZnCr20r  :  Js/ca  =  9.651  x  10  ^  erg  (1) 

where  ca  is  a  lattice  geometry  factor. 

The  magnetic  contribution  to  the  specific  heat  arising  from 
the  transition  at  Tc  was  determined  for  each  of  the  spinels  by  subtracting 
the  remaining  contributions,  and  by  numerical  integration  the  magnetic 
entropies  which  were  found  (3-14-84) 


CdCr204  :  Sm/R  =  2.340 
ZnCr204  :  S^R  =  1 .434 


Careful  measurements  of  the  specific  heat  near  T  were  performed  by  a 


slow  drift  method  (<10  mK  between  points  in  the  range  Tc  +2  K)  to  study 


critical  exponents  (6-14-84,  3-1-85).  These  measurements  also  yielded 
high  precision  transition  temperatures. 


CdCr204  :  Tc  =  7.958  K 


ZnCr204  :  Tc  =  10.637  K 


Analyses  of  these  drift  data  according  to  renormal ization  group  theoretical 
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models  yielded  critical  exponents  a  =  9.8  x  10  and  7.8  x  10  for 


CdCr204  and  ZnCr204,  respectively,  in  the  range  1  mK  <  |  T  -  Tc  |  <  50  mK 
(3-1-85).  At  larger  temperature  differences,  the  specific  heat  data 
show  considerable  rounding  and  an  a  ^  2  regime  is  seen  in  both  spinels. 
This  latter  behavior  may  be  due  to  correlation-length  effects  in  the 


ceramic  grains. 


These  drift  measurements  also  established  that  there  is  no 
latent  heat  associated  with  the  transition  in  either  spinel. 


Composition  studies  were  undertaken  to  see  if  the  specific 
heat  maxima  in  CdCr204  and  ZnCr204  could  be  altered  by  solid  solutions 


or  by  doping.  Solid  solutions  of  (Cdg  ^Zng  ^)  Cr204  poisoned  all  specific 
heat  structure  (4-1-85),  but  Fe^+,  Gd  +,  and  Pb2+  doping  in  CdCr204 


reduced  both  T  and  the  height  of  the  specific  heat  maximum  (4-1-85). 

c  3+ 

This  finding  was  pursued  further  with  a  series  of  Fe  doped  CdCr204 


samples  (7-17-85),  and  it  was  found  that  the  trend  of  suppressed  T  and 

3+  c  3+ 

C  with  doping  followed  a  regular  behavior  and  above  3%  Fe  on  the  Cr 
m<ix 


site  the  specific  heat  maximum  was  completely  suppressed. 
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Magnetocaloric  Effects 

At  temperatures  well  below  Tc  in  both  spinels,  adiabatic 
demagnetization  cooling  and  magnetization  heating  effects  were  measured 
(5-18-84).  No  hysteretic  effects  were  observed,  and  the  magnetocaloric 
effects-  are  very  large  (e.g.,  aT  ^  1  K  at  9  T)  considering  how  large  the 
specific  heats  are  at  these  temperatures.  Magnetization  measurements 
at  4.2  K  revealed  that  both  spinels  are  linear  paramagnets  up  to  7  T. 

The  specific  heat  and  magnetic  data  for  these  spinels  are 

understandable  in  terms  of  a  simple  model  of  two  spin  densities.  That 

3+ 

is,  some  fraction  of  the  Cr  spins  order  antiferrimagnetical ly  at  T  , 
and  the  remaining  spins  are  unordered  below  T  .  The  former  spins  con- 

-j  c 

tribute  the  T  spin-wave  term  to  the  specific  heat  below  T  ,  and  the 
latter  spins  account  for  the  1 inear-paramagnet  behavior  below  Tc.  How¬ 
ever,  under  adiabatic  conditions  the  ordered  spins  show  demagnetization 
heating  whereas  the  unordered  spins  show  demagnetization  heating  whereas 
the  unordered  spins  show  demagnetization  cooling  and  dominate  the  overall 
effect.  Model  calculations  based  on  two,  non-interacting  spin  densities 
(8-15-84)  were  reasonably  successful  in  explaining  and  correlating  the 
specific  heat  data  [Eqs.  (1)  and  (2)],  magnetocaloric  data,  and  magneti¬ 
zation  data,  and  the  estimated  ordered  and  unordered  spin  densities  are 
^  84  and  16%  for  CdC^O^,  x  52  and  48%  for  ZnC^O^.  The  exchange  constants 
from  Eg.  (1)  are  estimated  to  be  J/k  =  3.42  and  4.72,  respectively. 


Thermal  Conductivity 

Thermal  conductivity  (k)  measurements  on  the  spinels  (9-2-83) 

revealed  very  large  jumps  in  k  below  T  ,  and  these  data  were  measured 

in  fine  detail  in  the  neighborhood  of  T  (5-3-85).  Both  spinels  have 

small  thermal  conductivities  (^  1  mW  cm  K  ),  and  the  jump  below  T  , 

Ak/k,  is  much  larger  for  ZnC^O^  (a,  100%)  than  for  CdC^O^  (^  30%). 

According  to  the  above  two-spin-system  model,  the  ordering  of  a  portion 
3+ 

of  the  Cr  spins  at  Tc  removes  a  phonon-scattering  mechanism. 


The  thermal  conductivities  of  the  spinels  in  the  neighborhood 
of  the  jump  in  k  were  measured  as  a  function  of  magnetic  field  up  to 
15  T  (5-7-84).  Interestingly,  an  H-field  quenches  the  k-anomaly  in 
CdCr204,  but  the  effect  in  ZnC^O^  is  unaffected. 

Finally,  the  thermal  conductivities  of  Fe^+  doped  CdC^O^ 

were  measured,  2-10  K,  with  particular  attention  paid  to  the  jump  in  k 

below  T_  (8-8-85).  Recall  from  the  above  that  T.  and  C_,v  are  quenched 
l  0  l.  max 

by  increasing  FeJ  doping,  and  this  same  trend  is  observed  in  Ak.  At 

3+ 

the  3 %  Fe  doping  level  where  structure  in  the  specific  heat  vanishes, 
the  jump  in  k  also  disappears. 

4.2.3  Magnetic  Columbite  Studies 

Although  this  program  has  concentrated  on  the  CdCr^O^  and 

ZnCr204  spinels  because  of  the  technological  importance  of  the  former 

spinel,  there  are  two  other  high-specific-heat  ceramics  that  have  entered 

previous  Air  Force  applied  programs:  MnNb^Og,  Tc  =  4.3  K,  and  NiNb20fe, 

T  =  5.5  K,  both  columbite  materials, 
c 

Because  the  above  mentioned  drift  method  for  measuring  specific 
heat  had  been  perfected  for  the  spinels,  a  minor  effort  was  devoted  to 
determining  critical  exponents  for  these  two  columbites  using  this  method 
These  studies  (6-3-85)  yielded  the  following: 

MnNb20g  Tc  =  4.332  K,  a  =  0.00532 

NiNb206  Tc  =  5.497  K,  a  =  0.00145 

4  2.4  Discussion 

The  primary  goals  of  this  portion  of  the  AF0SR  contract  were 
to  study  the  physics  of  the  heavy-metal -ion  alkali  halides  and  of  the 
new  spinels  CdCr20^  and  ZnCr^,  and  these  goals  have  been  fulfilled 
as  originally  proposed.  A  separate  portion  of  this  contract  was  devoted 
to  theoretical  studies  of  these  spinels  based  on  the  measurements  here, 
and  these  theoretical  studies  are  summarized  below. 


4.2.5  Conclusions 


i 

i 

i 


The  following  conclusions  can  be  drawn  from  the  research  described 

above : 

1.  The  thermal  properties  of  the  Cs  and  T1  halides  at  low  temperatures 
are  now  well  understood  in  terms  of  simple  models,  and  these  studies 
have  been  publ ished. 

2.  The  substantial  H-field  dependence  of  the  thermal  and  dielectric 
properties  of  CsBr  discovered  here,  while  a  minor  part  of  this  program, 
is  a  rich  new  area  for  future  research. 

3.  A  great  deal  of  low  temperature  data  on  the  new  spinels,  CdC^O^ 
and  ZnCr^O^,  have  been  generated  in  this  program,  including  data 
measured  in  intense  magnetic  fields.  Unexpected  magnetocaloric 
effects  have  been  measured,  and  the  simple  model  of  two,  non-interacting 
spin  systems  appears  to  explain  some,  but  not  all,  of  the  data. 

Future  research  here  should  concentrate  in  part  on  the  time  dependence 
of  the  magnetocaloric  pnenomena  as  an  experimental  means  for  separating 
the  two  spin  systems. 

4.  Limited  doping  studies  have  shown  that  the  thermal  phenomena  in 
CdCr^O^  can  be  influenced  and  eventually  quenched,  and  this  finding 
has  significant  theoretical  implications.  Future  research  here  should 
expand  into  other  doping  systems 

5.  Although  not  emphasized  above,  the  CdC^O^  and  ZnCr^O^  spinels  do 

not  form  as  ceramic  bodies  unless  the  "mineralizers"  CdNb^g  and  ZnNb20g 
are  present,  but  these  mineralizers  do  not  enter  into  solid  solution 
with,  or  otherwise  dope,  the  spinels.  Future  research  should  address 
this  phenomenon  of  formation  (epitaxial  growth?).  In  fact,  our  lack 
of  understanding  of  how  these  new  spinels  form  has  hindered  our 
ability  to  publish  the  studies  to  date. 
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4.3  Theoretical  Thermal  Properties  Studies 


The  theoretical  phase  of  the  research  on  this  contract  was 
carried  out  in  a  series  of  reports  which  are  collected  in  Appendix  E: 
Spinel  Studies  I  through  VII,  and  are  referenced  accordingly  below. 

The  theoretical  results  so  far  have  developed  an  attractive  and  suggestive 
picture  for  the  ordering  phenomena  in  the  B-site  spinels,  CdCr^O^  and 
ZnCr^O^.  A  systematic  program  of  increasing  theoretical  complexity 
has  been  followed  to  insure  that  an  accurate  understanding  of  these 
materials  is  constructed  from  the  ground  up,  with  the  gross  features 
properly  interpreted  with  simple  mean-field  models  before  the  details 
are  addressed.  The  results  have  shown  that  at  least  two  types  of  magnetic 
correlations  are  present,  and  that  frustration  and  the  presence  of  strong 
spin-lattice  coupling  play  an  important  role  in  the  anomolously  large 
specific  heats  and  thermal  conductivities.  A  paper  on  this  work  is 
in  preparation,  and  will  be  submitted  for  publication  shortly. 

The  theoretical  approach  started  with  a  basic  examination  of 
the  structure  of  the  spinel  phases  of  CdCr204  and  ZnC^O^.  This  study 
(Structural  Studies,  Report  I)  revealed  an  interesting  pattern  among  the 
B-site  spinels,  which  suggests  that  additional  systems  of  considerable 
interest  might  be  made  by  filling  in  a  table  of  materials  constructed 
by  replacing  the  A-site  atom  (Zn  or  Cd)  by  isoelectronic  mixtures  of 
Cu  and  In,  or  Ag  and  In.  In  addition,  the  transitions  in  these  materials 
were  seen  to  have  a  peculiar  nature  in  which  the  spins  order  weakly  in 
a  lattice  which  has  a  high  degree  of  frustration.  This  has  great  impor¬ 
tance  for  our  understanding  of  these  systems,  since  it  means  that  large 
numbers  of  spins  can  remain  unordered  below  the  transition,  resulting 
in  anomolously  large  specific  heats,  and,  furthermore,  that  distortions 
of  the  lattice,  which  remove  the  frustration,  can  couple  strongly  to  the 
spins,  thus  leading  to  large  thermal  conductivities  due  to  spin  energy 
being  transported  through  the  spin-phonon  interaction. 

The  first  attempt  (Report  II:  Theoretical  Models)  toward  a 
theoretical  understanding  of  the  properties  of  these  systems  was  to  derive 


the  Hamiltonian  describing  the  interaction  of  the  spins  on  the  spinel 
lattice  sites.  From  this  we  extracted  a  simple  model  in  which  we  kept 
only  two  possible  sublattice  magnetizations,  an  anti  ferromagnetic  one 
which  orders  at  the  transition,  and  a  ferromagnetic  one  coupled  to  it, 
which  is  polarized  in  a  magnetic  field,  giving  rise  to  spin-flop  like 
effects.  In  the  mean-field  approximation,  this  model  already  gives  in¬ 
teresting  effects,  including  a  temperature  dependent  magnetization  linear 
in  field  and  a  magnetic  field  dependent  specific  heat  which  increases 
with  field.  These  results  are  in  good  qualitative  agreement  with  the 
experimental  data  and  indicate  the  basic  correctness  of  our  approach. 


The  renormalization  effects  due  to  fluctuations  were  examined 
(Report  III:  Thermal  Properties)  which  led  to  the  novel  feature  that  the 
non-ordering  spins  give  rise  to  a  large  contribution  to  the  specific 
heat  even  well  below  the  ordering  temperature  of  the  anti  ferromagnetic 
spins.  This  is  not  possible  in  a  simpler  system  with  only  one  order 
parameter,  again  suggesting  our  model  has  correct  general  properties. 
Detailed  results  were  obtained  in  the  gaussian  fluctuation  approximation 
for  the  specific  heat  as  a  function  of  temperature  and  magnetic  field 
both  above  and  below  the  transition. 


Next  (Report  IV:  Thermal  Conductivity)  a  theory  for  the  thermal 
conductivity  in  this  class  of  materials  was  developed.  The  thermal  con¬ 
ductivity  depends  on  both  the  specific  heat  and  the  scattering  rate. 

We  showed  that  the  scattering  rate  involved,  in  addition  to  the  usual 
phonon  and  anti  ferromagnetic  spin  wave  contributions,  a  spin  fluctuation 
term  which  limits  the  thermal  conductivity  in  the  vicinity  of  the  transi¬ 
tion.  Fits  were  made  to  the  specific  heat  and  thermal  conductivity  data 
using  the  same  set  of  fitting  parameters,  which  revealed  that  the  peak 
in  the  thermal  conductivity  at  the  transition  arises  from  the  peak  in 
the  specific  heat,  but  that  the  former  is  typically  a  factor  of  three 
or  so  smaller  than  the  latter  due  to  the  spin  scattering  near  transition. 


Detailed  fits  of  our  theoretical  model  to  specific  heat  data 
on  CdC^O^  as  a  function  of  temperature  were  carried  out  (Report  V: 


I 


Comparison  with  Experiment:  Specific  Heat).  Good  fits  were  obtained 

and  values  of  some  key  parameters  in  the  theory  were  deduced.  The  best 

fit  over  the  entire  temperature  range  gave  large  values  for  the  specific 

heat  exponent,  which  suggested  the  importance  of  disorder,  as  discussed 

in  Report  III.  In  addition,  values  of  the  ferromagnetic-antiferromagnetic 

coupling  were  obtained  which  correlated  well  with  the  value  found  in  the 
3+ 

Fe  impurity  substitution  experiments.  In  Report  VI  the  thermal  con¬ 
ductivity  data  were  fit  to  the  theoretical  calculation  we  carried  out 
in  our  Report  IV.  From  this  analysis  the  parameters  that  characterize 
the  spin  scattering  near  the  transition  were  obtained  and  were  found  to 
be  consistent  with  the  theory  developed. 

Finally,  a  theory  of  the  effects  of  substitutional  impurities 

was  worked  out  (Report  VII:  Impurity  Models)  and  compared  with  the  ex- 

3+ 

perimental  measurements  involving  the  effects  of  Fe  doping.  The  com¬ 
parison  gives  strong  evidence  for  the  interaction  between  the  two  order 
parameters  that  is  an  essential  feature  of  the  theoretical  model  we  have 
proposed,  and  allows  us  to  determine  the  magnitude  of  the  coupling.  This 
work  is  being  written  up  for  publication  along  with  the  model  we  have 
developed  for  the  frustrated  B-site  spinels. 
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KAPITZA  CONDUCTANCE  OF  CRYSTALS  CLEAVED  UNDER  HE  II 


ABSTRACT 

The  Kapitza  conductance  of  L i F  and  KBr  single  crystals  has 
been  measured  immediately  after  cleaving  under  pure  He  II.  Heating 
techniques  were  used  to  evaluate  the  Conductance  and  it  approaches  the 
phonon  radiation  limit  for  these  materials.  Cleaving  Li F  under  He  II 
reduced  the  Kapitza  conductance  compared  to  an  aged,  cleaved  surface 
by  only  a  few  percent.  Despite  the  very  good  cleaved  surface  obtained 
with  Li F  crystals,  the  results  suggest  that  sufficient  micro-fracturing 
of  the  surface  occurs  upon  cleaving  to  significantly  increase  the  Kapitza 
conductance  over  the  acoustic  mismatch  theory  values.  These  results  are 
in  contradiction  to  results  obtained  by  phonon  reflection  techniques. 


1 .  INTRODUCTION 


It  is  well  known  that  the  measured  values  of  thermal  resistance 
between  solids  and  liquid  helium  are  frequently  found  to  be  an  order  of 
magnitude  larger  than  acoustic  mismatch  (AM)  theoretical  calculations 
indicate  they  should  be  [1,  2].  The  AM  theory  is  based  on  the  trans¬ 
mission  of  acoustic  phonons  across  the  solid-liquid  interface.  In  fact 
the  Kapitza  conductance  is  frequently  found  to  be  nearer  to  the  phonon 
radiation  limit  than  to  even  the  AM  theories  that  have  been  modified 
for  solid-liquid  molecular  attraction,  etc.  Snyder  [3]  discusses  the 
existing  uncertainty  in  the  scientific  community  as  to  whether  the 
anomalous  conductance  is  attributable  to  solid,  liquid  or  combined  pro¬ 
cesses  and  is  unable  to  reach  a  definitive  conclusion.  Clearly  more 
experiments  directed  at  defining  and  characterizing  the  interface  under 
very  controlled  conditions  are  warranted. 

Our  objective  in  these  experiments  was  to  determine  the  Kapitza 
conductance  of  a  nearly  contaminate  free  surface  that  had  the  minimum 
possible  surface  restructuring  and  roughness.  The  small  number  of  surface 
dislocations  reported  [4]  for  Li F  cleaved  in  the  100  plane  and  the  small 
number  of  volumetric  dislocations  reported  [5]  in  single  crystal  LiF 
led  us  to  experiment  with  LiF  cleaved  under  He  II. 

Our  intuitive  approach  was  supported  by  Weber's  data  reporting 
[6]  variations  in  surface  impedances  of  2-6%  between  acoustic  phonon 
reflections  to  vacuum  and  reflections  to  He  II.  Clearly  implied  is  that 
the  vacuum  reflection  is  near  to  the  Khalatnikov  limit  (perfect  acoustic 
mismatch)  and,  therefore,  that  the  He  II  reflection  is  within  2  -  6%  of 
the  theoretical  acoustic  limit  of  0.09%  for  LiF.  The  present  results 
do  not  support  the  foregoing  conclusions. 


OPTICAL  SUPERFLUID  DEWAR 
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Figure  1.  The  optical  superfluid  dewar. 
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2.  EXPERIMENTAL  APPARATUS 


Figure  1  shows  the  Dewar  used  in  these  experiments.  The  test 
chamber  is  seen  extending  below  the  main  He  II  reservoir  and  is  equipped 
with  three  quartz  optical  ports.  The  optical  ports  allow  observation 
of  the  sample  and  controlled  disruption  of  the  subsurface  structure  with 
LASERS  by  the  formation  of  "F"  centers.  "F"  center  formation  with  "UV" 
LASERS  is  a  well  documented  [7]  process  allowing  prediction  of  the  dis¬ 
tribution  and  density  of  a  type  of  lattice  defect.  The  test  chamber  is 
isolated  from  the  main  He  II  reservoir  so  that  pure  He  gas  can  be  condensed 
into  the  test  chamber.  Figure  2  shows  various  interior  components  of 
the  dewar.  The  function  of  these  components  is  best  determined  by  refer¬ 
ence  to  Figure  3,  a  schematic  diagram  of  the  dewar  and  test  section. 

It  is  a  vacuum  insulated,  gold  plated  dewar  that  uses  LN2  to  provide 
intermediate  radiant  heat  shielding.  The  inner  He  II  reservoir  is  pumped 
directly  to  obtain  superfluid  conditions.  A  vertical  2.54  cm  tube  runs 
through  the  center  of  the  reservoir  and  located  at  its  lower  end  is  the 
test  chamber.  Heat  generated  during  the  experiment  and  radiant  heat 
are  transported  up  the  superfluid  column,  through  the  tube  wall  and  into 
the  He  II  reservoir.  A  rod  (see  Figure  2)  extends  from  the  warm  end 
of  the  tube  into  the  test  chamber  and  to  it  are  attached  the  cleaving 
blade  and  the  internal  IR  shields  that  can  be  rotated  over  the  windows 
on  the  superfluid  side.  The  purpose  of  the  isolated  test  chamber  is  to 
allow  pure  He  gas  to  be  condensed  into  the  test  volume  and  to  allow 
control  of  its  pressure  independent  from  the  reservoir. 

Figure  4  is  a  picture  of  the  Kapitza  test  chamber  of  the  dewar 
showing  the  low  temperature  radiant  heat  shield  and  instrumentation  leads 
attached  to  the  central  tube.  Figure  5  shows  an  enlarged  view  of  the 
test  sample  case  fitted  into  one  of  the  windows.  In  this  photograph  a 
copper  sample  is  ready  for  test  having  been  mounted  in  one  of  the  viewing 
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ports  and  sealed  with  an  indium  "0"  ring  around  its  periphery.  In  this 
case  the  heater  and  leads  are  within  the  vacuum  space  on  the  back  of  the 
sample.  Figure  6  shows  the  copper  proof  sample,  its  mounting  fixture, 
a  typical  heater  and  two  carbon  resistors  of  the  type  that  are  prepared 
as  thermometers.  A  slightly  different  arrangement  is  used  during  a 
crystal  test.  During  a  crystal  test,  one  of  the  windows  holds  the  sample 
and  another  contains  a  glass  ceramic  feed-through  for  the  heater  and  ther¬ 
mometer  leads.  The  test  setup  for  crystal  testing  has  the  12  urn  thermo¬ 
meter  leads  and  0.25  mm  heater  leads  running  for  2.54  cm  through  the  He  II 
test  chamber  to  the  feed-through. 
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3.  SAMPLE  PREPARATION 


Figure  7  shows  a  Li F  crystal  prepared  for  installation  of  the 
heater  and  thermometer  in  the  same  picture.  The  preparation  starts  with 
machining  a  Harshaw  single  crystal  to  the  proper  diameter.  Surface 
cracks  in  the  KBr  were  removed  by  washing  with  an  al cohol -water  mixture 
containing  about  3-5%  water.  Next  holes  were  drilled  into  the  crystal 
body  for  thermometer  insertion.  Drilling  was  done  with  an  al cohol -water 
solution  lubricant  to  prevent  fracture.  The  heater,  a  manganin  wire  coiled 
on  Kapton  adhesive  tape,  was  bonded  to  the  back  of  the  crystal  with  GE 
lacquer. 

The  thermometers  were  made  by  sanding  Allen-Bradley  carbon 
radio  resistors  to  a  small  diameter  and  heat  sinking  them  by  attaching 
a  coil  of  copper  wire  to  one  lead  as  shown  in  Figure  7.  The  coil  was 
twisted  tight  and  inserted  into  the  crystal  where  it  expanded  to  form 
a  good  thermal  contact  with  the  crystal.  Tests  were  run  both  with  the 
thermometer  well  packed  with  jeweler's  rouge  and  without.  The  intent 
was  to  determine  if  the  heat  capacity  of  the  He  II  in  the  open  well  or 
the  additional  impurities  in  the  rouge  influenced  the  data.  The  same 
results  were  obtained  in  each  case  indicating  adequate  lead  thermal 
contact  was  achieved.  The  thermometer  leads  were  wrapped  around  the 
crystal  as  a  further  heat  sink.  As  seen  in  Figure  7,  two  axially 
distributed  thermometers  indicated  the  crystal  temperature  gradient  and 
these  measurements  were  in  agreement  with  thermal  conductivity  data  in 
the  literature  [8].  This  aspect  of  the  test  was  used  to  assign  a  quality 
to  the  heat  run  data.  Those  data  whose  computed  axial  heat  flux,  as 
indicated  by  temperature  gradient,  did  not  agree  with  the  I  R  heater 
flux,  were  discarded. 

Crystal  support  and  sealing  were  a  major  problem  in  this  ex¬ 
periment.  Sealing  of  the  ports  was  accomplished  by  indium  "0"  ring  seals 
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and  indium  soldering.  Efforts  to  seal  around  the  crystal  cylindrical 
body  were  unsuccessful ,  apparently  because  any  three  dimensional  stress 
field  would  crack  the  crystal.  Matching  the  thermal  contraction  of  the 
crystal  to  a  support  is  problematic  because  of  the  large  cooldown  contrac¬ 
tion  of  the  alkali-halide  ionic  crystals  [8].  It  is  more  than  twice  the 
value  for  most  metals.  Because  of  the  differential  contraction,  no  seal  was 
permanent.  Each  had  to  be  replaced  after  several  cooldown  cycles. 
Ultimately,  the  crystal  was  fitted  into  a  teflon  container  that  shrunk 
down  on  the  sample  to  support  and  thermally  insulate  it.  The  teflon 
container  had  to  be  made  from  simple  geometric  shapes  to  assure  that 
there  were  no  three  dimensional  stress  fields.  For  example,  if  the 
clearance  was  not  proper  around  the  crystal,  the  cylindrical  teflon 
shell  would  cleave  the  crystal  at  the  end  of  the  shell  during  cooldown. 

Also,  if  the  disk  end  of  the  teflon  container  was  integral  with  the 
cylindrical  shell  section,  the  stress  pattern  would  cleave  the  crystal 
axially.  The  container  has  to  provide  rim  stress  relief,  sealing  and 
controlled  venting  of  the  heater  space.  If  these  criteria  are. met, 
simple  computation  shows  that  the  heat  penetration  and  storage  in  the 
teflon  are  negligible  compared  to  the  heat  flow  through  the  crystal. 


4.  EXPERIMENTAL  PROCEDURE 


After  sample  installation  and  assembly  of  the  dewar,  the  test 
chamber  and  tubing  were  cleaned  with  acetone  and  alcohol.  The  chamber 
was  flushed  with  helium  and  pumped  down  to  clean  and  check  vacuum. 

Liquid  nitrogen  was  introduced  into  the  jacket  and  the  dewar  was  cooled 
overnight  to  about  100  K  by  conduction  and  radiation.  Subsequently 
LHe  was  introduced  into  the  reservoir  and  the  cooldown  continued  by 
conduction  and  radiation.  After  topping  off  the  reservoir,  the  reservoir 
was  pumped  to  about  3.0  K  and  boil -off  He  gas  was  admitted  to  the  test 
chamber  at  about  atmospheric  pressure  through  a  liquid  nitrogen  trap  and 
metering  valve.  At  this  point,  slow  admission  of  the  helium  was  required 
to  prevent  cracking  the  crystal  even  though  it  was  at  80  K. 

When  the  central  tube  was  filled,  it  was  sealed  and  the  first 
calibration  point  on  the  thermometers  was  recorded  along  with  the  pressure 
in  the  test  chamber.  In  this  way,  the  thermometers  were  calibrated 
as  the  dewar  temperature  was  reduced.  To  start  the  test  series,  the 
crystal  was  cleaved  and  testing  commenced  immediately.  Judging  from 
visual  observation  the  quality  of  the  surface  was  excellent.  Data 
taken  immediately  after  cleaving  was  indistinguishable  from  data  taken 
after  several  hours  below  4  K;  leading  to  the  conclusion  that  the  surface 
condition  did  not  change  with  time  --  that  is,  the  He  II  environment  was 
indeed  clean  at  low  temperature.  Figure  8  is  a  sample  data  trace  of 
the  two  crystal  thermometers,  the  bath  thermometer  and  heater  current 
shunt  voltage.  The  thermometer  signals  have  been  processed  through 
a  dc  amplifier  and  biased  so  that  only  the  top,  varying  voltage  is  dis¬ 
played.  Very  good  sensitivity  is  obtained  in  this  way.  The  thermometer 
voltage  is  produced  by  a  current  of  10  uA.  Accuracy  and  repeatability 
of  the  recording  method  was  verified  by  comparison  to  ac  bridge  and  current 
reversal  techniques.  Figure  9  is  a  picture  of  the  test  apparatus.  To 


obtain  a  single  data  point,  all  of  the  voltage  traces  were  read  at  the 
same  time  in  the  linear,  steady  rise  portion  of  the  time  interval.  In 
each  case,  the  temperature  rise  of  the  bath  and  both  thermometers  was 
the  same,  allowing  the  data  to  be  considered  "quasi-steady".  The  different 
slopes  in  Figure  8  are  due  to  different  amplification  factors  required 
for  optimum  thermometer  sensitivity.  The  factors  are  determined  experi¬ 
mental  ly . 

A  typical  test  sequence  would  start  at  a  bath  temperature  of 
2.1  K  and  the  heater  would  be  energized  at  intervals  when  the  bath  was 
stable.  The  heating  rate  was  increased  for  each  interval  until  the 
thermometers  indicated  that  normal  He  I  boiling  was  occurring.  The  bath 
temperature  was  then  reduced  to  2.0,  1.9,  ....  1.5  K  and  the  increasing 
heat  rate  procedure  was  followed  at  each  temperature  level. 


5.  DATA  REDUCTION 


The  data  was  reduced  to  coefficient  form  using  the  relation  [9] 


hk  =  q"/  [f(<$T)TJ] 


where: 


f  =  1  +  1.5(6T/T)  +  (6T/T)2  +  0. 25( 6T/T)3 


Figure  10  shows  the  Kapitza  conductance  vs  fluid  temperature  for  Li F 
and  KBr  along  with  the  phonon  radiation  limit  for  each.  In  each  case 
the  conductance  is  only  slightly  less  than  the  phonon  radiation  limit 
and  about  two  orders  of  magnitude  above  the  perfect  acoustic  mismatch 
theories.  Several  crystals  were  cleaved  and  tested  and  the  data  was 
found  to  repeat  within  the  data  error  band  shown.  The  repeatability  of 
the  data  lends  high  confidence  that  these  are  representative  results  for 

single  crystals  cleaved  under  helium.  Johnson  and  Little's  data  [10] 
for  air  cleaved  Li F  are  very  comparable  to  this  data  as  shown  in  Figure  10. 


Also  shown  in  Figure  10  is  the  conductance  of  a  surface  before 
cleaving.  The  conductance  exceeds  the  PRL  slightly,  probably  because 
the  actual  three  dimensional  temperature  gradient  in  the  uncleaved  crystal 
is  greater  than  the  calculated  two-dimensional  gradient  for  which  the 
interface  temperature  difference  is  projected. 

Another  test  was  also  run  with  the  cleaved  sample.  While  under 
the  He  cover  gas,  the  sample  was  allowed  to  warm  up  to  60  K  and  then  it 
was  recooled  and  retested.  These  data  are  also  shown  in  Figure  10  where 
it  is  seen  that  the  conductance  increased  to  midway  between  the  aged 
surface  and  fresh  cleaved  level.  The  same  time  interval  of  storage  at 
4  K  produces  no  change  in  the  conductance.  It  seems  likely  that  some 
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contanimant  increased  in  vapor  pressure  enough  to  contaminate  the  surface 
during  the  warm-up  but  the  possibility  of  other  effects  cannot  be  eliminated. 

Analysis  of  the  surface  cleaved  under  helium  using  a  moving 
stylus  (Sloan  Dektak  II)  showed  the  existence  of  1  -  2  u  steps  in  the 
surface  but  the  surface  was  generally  of  good  quality.  The  anomalous 
conductance  cannot  be  attributed  to  surface  roughness  but  may  be  attributable 
to  micro-fracturing. 

Summarizing  the  results,  it  is  evident  that  surface  contamination 
is  a  small  part  of  the  "anomalous"  Kapitza  conductance  for  LiF.  The  Kapitza 
conductance  of  cleaved  LiF  is  two  orders  of  magnitude  above  the  acoustic 
mismatch  theory  prediction,  0.0009  W/cm2K4,  and  more  than  one  order  of 
magnitude  larger  than  any  modification  of  that  theory  [10].  These  results, 
obtained  by  heating,  are  remarkably  different  from  those  reported  using 
phonon  reflection  techniques  and  it  appears  that  further  effort  in  trying 
to  resolve  the  difference  between  the  two  measuring  techniques  would  be 
useful  . 

Because  of  our  inability  to  significantly  reduce  the  Kapitza 
conductance  of  LiF  toward  the  acoustic  limit  by  conventional  techniques, 
further  study  of  LiF  may  be  useful  in  fundamental  Kapitza  conductance 
experiments  directed  at  identifying  the  source  of  the  anomalous  conduc¬ 
tance.  In  the  absence  of  any  other  theories,  we  conclude  that  surface 
microstructure  is  primarily  responsible  for  the  anomalous  Kapitza  conduc¬ 
tance  m  LiF  since  surface  impurities  am  volumetric  imperfections  in 
these  tests  were  minimal.  In  particular,  surface  mi crostructure  studies 
coordinated  with  theoretical  analysis  of  the  type  published  by  Shiren  [11] 
appear  to  be  an  appropri ate  next  step. 
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\  V 


The  initial  months  of  the  contract  have  been  used  to  design  a 
1 ow- temperature  probe  for  doing  Kapitza  experiments.  The  probe  is  neither 
simple  to  design  nor  build  because  of  the  different  types  of  experiments  it 
must  accommodate.  First  and  foremost  there  should  be  no  paths  for  heat  flow 
other  than  directly  through  the  Kapitza  samples.  Even  when  this  requirement 
cannot  be  strictly  met,  any  extra  heat  paths  should  be  small  and  measurable. 

An  example  will  be  discussed  below.  In  any  case,  heat  paths  due  to  poor 
vacuums  and/or  radiation  loads  should  be  eliminated  by  correct  design.  In 
particular,  a  high  vacuum  needs  to  be  maintained  around  the  sample  and  all 
experiments  need  to  be  done  inside  an  adiabatic  shield  maintained  at  the 
temperature  of  the  heat  reservoir. 

This  heat  reservoir  presents  a  problem  because  of  the  typical  temperature 
ranges  over  which  most  of  the  experiments  will  be  performed,  i .e.  from  1.5  K 
to  6-8  K.  This  range  implies  that  a  He**  subpot  would  be  ideal  rather  than  a 
mass  of  metal  which  is  thermally  linked  to  a  pumped  helium  bath.  However  a 
probe  with  a  subpot  is  more  complicated  to  build. 

A  subpot  of  some  kind  is  necessary  for  Kapitza  experiments  between  a 
solid  and  liquid  or  gaseous  helium.  The  alternative  is  to  have  one  end  of  the 
sample  opened  directly  to  a  pumped  bath  -  an  impractical  solution  both  in 
probe  design  and  from  the  standpoint  of  being  able  to  control  a  subpot 
environment  more  than  a  bath.  The  probe  also  needs  to  accommodate  solid-solid 
interface  experiments  which  have  no  direct  need  for  a  subpot  (other  than  as 
a  possible  heat  reservoir).  The  requirement  for  different  types  of  interface 
(solid-solid,  solid-liquid,  solid-gas)  experiments  with  different  requirements 
for  the  geometry  of  each  is  a  problem  in  the  design  of  the  probe.  Other 
experimenters  have  built  probes  to  do  either  solid-solid  or  solid-fluid 
interfaces,  but  not  both.1-3 
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The  probe  shown  in  Figures  1  and  2  is  designed  for  maximum  flexibility 
and  should  be  useful  for  all  Kapitza  experiments  (except  those  in  high 
magnetic  fields).  Figure  1  is  a  schematic  of  the  overall  design.  Pumping 
tubes  (A  and  B)  support  a  vacuum  can  (F)  which  is  attached  to  a  flange  (D) 
with  an  indium  o-ring.  Pumping  tube  A  leads  to  the  vacuum  space  at  the  lower 
end  and  a  diffusion  pump  at  the  upper  end.  Pumping  tube  B  is  attached  to 
a  large  mechanical  pump  at  the  upper  end  and  the  subpot  (G)  at  the  lower  end. 
The  subpot  temperature  can  be  controlled  two  ways:  either  by  a  heater 
(attached  to  a  controller)  around  the  subpot,  or  by  a  vacuum  regulator  valve 
placed  between  the  mechanical  pump  and  probe.  The  subpot  is  filled  using  a 
fill  line  valve  which  enters  the  probe  through  another  tube  (C).  The  actual 
valve  seats  immediately  above  flange  D  where  there  is  a  small  opening  in  tube 
C.  When  the  valve  is  opened,  helium  from  the  bath  space  flows  through  the 
fill  line  (E)  into  the  subpot.  The  valve  can  then  be  closed  before  pumping 
on  the  subpot.  All  experiments  will  be  conducted  inside  an  adiabatic  can  (H) 
anchored  to  the  subpot. 

Electrical  leads  enter  through  a  vacuum  tight  feedthru  at  the  top  and  go 
down  in  another  tube  (not  shown)  through  the  flange  D  and  are  heat-sunk  both 
at  the  flange  and  on  the  subpot.  Enough  leads  are  provided  to  accommodate 
several  samples  in  one  run. 

An  enlargement  of  the  experimental  space  is  shown  in  Fig.  2.  The 
adiabatic  can  (H)  is  threaded  onto  the  bottom  of  the  subpot  (G).  There  are 
two  primary  places  to  attach  experiments.  A  threaded  post  (J)  provides  good 
mechanical  support  and  intimate  thermal  contact  to  the  reservoir.  These  is 
also  a  port  (I)  into  the  subpot.  This  port  is  shown  plugged  with  an  insert 
sealed  with  an  indium  o-ring.  If  required,  the  plug  may  be  removed  and 
another  tube  attached  which  in  turn  would  lead  to  a  small  reservoir  that  would 


provide  the  helium  side  o>f  a  solid-liquid  interface.  The  flexibility  and 
interchangeability  of  the  experiment  hanging  from  the  subpot  bottom  means  that 
decisions  on  methods  for  sealing  samples  into  this  small  helium  reservoir  do 
not  have  to  be  made  immediately.  This  support  necessarily  provides  a  small 
extra  heat  path  and  it  may  be  necessary  to  try  several  designs  for  this 
support  in  order  both  to  minimize  the  heat  loss  and  to  seal  the  sample.  The 
probe  design  makes  it  easy  to  test  different  methods. 

At  present  engineering  drawings  have  been  done  for  the  probe,  the 
materials  have  been  ordered  and  received  and  most  of  the  parts  have  been 
machined.  Construction  of  the  probe  will  start  shortly,  followed  by  initial 
Kapitza  measurements. 
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This  report  summarizes  the  results  of  recent  tests  using  the 
specially-built  probe  for  studying  Kapitza  resistances.  The  purpose  of 
the  tests  was  three- fold:  (1)  to  evaluate  the  performance  of  the  probe 
under  real  operating  conditions,  (2)  to  develop  experimental  techniques 
of  measurement,  and  (3)  to  obtain  some  preliminary  Kapitza  resistance 
data. 

Since  the  last  report,  the  probe  has  been  machined,  assembled  and 
leak-checked  at  room  and  liquid  nitrogen  temperatures.  The  only  problem 
was  in  accurately  machining  a  needle  valve  and  seat  at  the  opening  to 
the  subpot.  The  valve  is  located  immediately  above  the  vacuum  can 
flange  in  the  liquid  helium  bath  space.  When  the  valve  is  opened  by 
using  a  stem  which  runs  out  the  top  of  the  probe,  liquid  helium  can  run 
into  the  subpot  from  the  bath  space.  The  valve  has  to  seal  completely 
when  shut,  but  the  channel  into  which  the  valve  has  to  seat  is  only 
.015"  in  diameter  which  implies  a  high  accuracy  not  only  in  machining 
parts,  but  also  in  assembling  them.  After  some  testing,  a  valve  was 
developed  which  seals  completely  and  reliably  and  should  last  as  long 
as  the  probe. 

For  these  first  experiments,  an  interface  of  TJtCi.  to  copper  was 
chosen.  JiCi  has  a  large  thermal  conductivity  (comparable  to  copper  at 
helium  temperatures)  and  is  one  of  the  principal  materials  being 
considered  as  a  superconducting  coating  material.  A  piece  of  HCi 
ceramic  with  convenient  dimensions  (0.17  cm2  cross-sectional  area  and 
approximately  3.5  cm  in  length  was  chosen  and  placed  in  the  fixture 
pictured  in  Figure  1.  The  copper  fixture  was  machined  from  a  single 
piece  of  ETP  copper  and  attached  at  the  bottom  to  the  probe  reservoir. 


The  llCl  was  held  in  place  by  placing  a  piece  of  nylon  hori zontal  ly 
across  the  too  of  the  TtCi.  This  piece  was  screwed  into  two  vertical 
pieces  of  nylon  which  were  anchored  at  their  bottom  end  to  the  two 
horizontal  wings  of  the  copper  fixture. 

A  400  ohm  manganin  heater  was  wrapped  around  the  top  of  the  TiCi 
sample  and  attached  with  GE  7031  varnish.  Two  thermometers  were  placed 
in  thermal  contact  on  each  sample  by  taking  a  doubled  strand  of  small 
gauge  copper  wire,  wrapping  it  around  the  sample,  twisting  the  free  ends 
together,  wrapping  the  free  ends  around  the  thermometers  and  lightly 
varnishing  the  wrap  to  the  sample.  This  method  provides  a  much  more 
precise  knowledge  of  the  relative  positions  of  the  thermometers  as 
compared  to  directly  attaching  each  thermometer  to  the  sample. 

Each  thermometer  was  an  A1 1 en-Bradl ey  1/8  watt,  220  ohm  (nominal) 
carbon  resi stor  with  the  outer  plastic  coating  removed.  The 
thermometers  were  wired  in  series  and  were  isolated  from  each  other  with 
a  short  length  of  100  ohm/ ft  manganin  between  each  one.  A  voltage  lead 
pair  for  each  thermometer  provided  a  potentiometric  measurement  of  each 
device.  An  accurate  room  temperature  resistance  measurement  was  made  of 
the  heater  and  a  correction  formula  was  used  for  the  resistance  at  low 
temperatures.  A  small  correction  was  also  made  for  the  heater's 
connecting  lead  lengths.  The  nylon  supports  provide  an  additional  heat 
path,  but  since  the  thermal  conductivity  of  nylon  is  so  low,  a 
correction  for  the  nylon  would  be  less  than  0.1%  and  was  therefore 
i gnored. 

After  the  probe  was  loaded,  sealed,  and  leak-tested  at  room 
temperature,  it  was  cooled  overnight  to  liquid  nitrogen  temperatures. 
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The  next  morning,  the  bath  space  surrounding  the  probe  was  filled  with 
liquid  helium  while  helium  exchange  gas  in  the  subpot  allowed  the 
sample  to  cool  in  a  short  time.  As  soon  as  subpot  and  sample  were  near 
4.2  K,  the  subpot  valve  was  opened  and  the  subpot  was  filled  with  liauid 
he!  i  urn. 

The  subpot  can  be  Dumped  through  a  mechanical  regulator  valve 
which  is  capable  of  maintaining  stable  temperatures  for  a  long  period  of 
time.  The  lower  limit  of  the  subpot  temperature  is  below  1.5  K.  To 
obtain  reservoir  temperatures  at  temperatures  above  4.2  K,  the  subpot 
can  be  pumped  dry  and  the  temoerature  controlled  with  an  electronic 
regulator  using  a  silicon  diode  as  a  temperature  sensor. 

Once  a  particular  reservoir  temperature  is  established,  the  entire 
reservoir  and  sample  assembly  is  allowed  to  come  to  temperature 
equilibrium  with  no  current  flowing  through  the  sample  heater.  Each  of 
the  four  sample  thermometers  are  calibrated  at  this  temperature  against 
a  germanium  resistance  thermometer  attached  to  the  reservoir.  This 
thermometer  has  been  previously  calibrated  against  another  thermometer 
calibrated  at  the  National  Bureau  of  Standards.  Next  the  sample  heater 
is  turned  on  and  the  sample  thermometers  are  monitored  until  a  steady- 
state  temperature  gradient  is  established  in  the  samples.  Each  sample 
thermometer  is  then  read.  If  necessary  a  different  heater  power  is 
established  and  the  thermometers  are  read  again.  A  good  rule-of-thumb 
seems  to  be  establishing  a  temoerature  differential  between  the  two 
thermometers  on  a  sample  of  3-5",  of  the  sample  temperature. 

After  all  the  measurements  are  completed,  each  of  the  four  sample 
thermometers  are  calibrated  using  the  equation 
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log  R  =  A  +  BT-° 

where  R  is  resistance,  T  the  temperature,  and  A,8,P  are  the  fitting 
parameters.  Then  the  thermal  conductivity  of  each  sample  can  be 
calculated  as  function  of  temperature  (with  the  sample  temperature 
defined  as  the  average  temperature  between  the  two  sample  thermometers . 
fhe  Kapitza  resistance  can  be  calculated  from  the  equation 

RK  =  (A/0)  AT 

where  A  is  the  interface  area,  Q  is  the  heat  flow  and  T  is  the 
temperature  differential  across  the  interface  which  is  obtained  by 
direct  extrapolation  of  the  temperature  gradient  of  each  sample  to  the 
i nterface. 

In  the  first  series  of  experiments  with  TtCz  and  copper,  the 
experimental ly  determined  thermal  conductivities  were  more  than  an  order 
of  magnitude  lower  than  the  known  values.  However  the  isolating 
manganin  links  between  each  of  the  four  sample  thermometers  was  very 
short  (<  1cm).  For  a  second  experiment,  these  lengths  were  increased  to 
5-6  cm  each.  This  time,  experimental  thermal  conductivities  were  very 
close  to  accepted  values.  A  plot  of  the  Kapitza  resistances  from  this 
same  run  are  shown  in  Figure  2.  The  data  can  be  analyzed  according  to 
the  equation: 

RK  =  D  T-n 

Using  a  least-square  fit  for  all  the  points  shown,  D  =  3.14  x  104  and 
n  =  2.16. 

Anyone  familiar  with  typical  Kapitza  resistance  numbers  will 
recognize  that  the  exponent  n  is  well  within  reason  (especially  for 
"dirty"  surfaces),  but  that  0  is  ^uch  too  high.  The  problem  appears  to 
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be  in  the  calculation  of  the  area  of  the  interface,  i.e.,  the  contact 
area  occurs  not  across  the  entire  interface,  but  is  instead  only  at  a 
few  small  points  across  face. 

No  special  care  was  taken  to  control  the  interface  surfaces  of  the 
copper  and  TeCi  for  the  experiment.  The  copper  face  was  machined  “flat" 
but  then  allowed  to  oxidize  in  air.  The  Tz.CC.  was  ground  (by  hand)  to  a 
"flat"  surface  using  fine-grained  emery  paper.  Obviously  at  least  one 
and  maybe  both  surfaces  are  rough  enough  (or  uneven  enough)  to  limit  the 
contact,  area.  A  different  method  must  be  found  for  the  future. 

A  small  contact  area  at  the  interface  also  explains  the  average 
sample  temperatures  observed  during  these  experiments.  All  the  data 
shown  in  Figure  2  was  taken  with  a  nominal  reservoir  temperature  of 
4.2  K.  The  heater  power  was  changed  in  several  steps  from  about 
.09  mWatts  to  16  mWatts.  At  each  of  these  power  levels,  the  average 
copper  temperature  (i.e.,  the  sample  nearest  the  reservoir)  rose  only 
slightly  (tenths  of  a  Kelvin  at  most)  while  the  T2.CZ.  temperature  climbed 
to  over  19  K  at  the  highest  power  level.  However  TZCZ  has  about  the 
same  thermal  conductivity  as  copper  which  means  there  was  a  large 
remoerature  change  across  the  interface. 

In  summary,  two  of  the  three  goals  of  these  experiments  were  met. 
The  Drobe  performed  flawlessly  and  according  to  design  expectations. 

The  experimental  methods  appear  to  be  adequate  to  provide  the  accuracy 
necessary  for  Kapitza  measurements.  However,  because  the  interface  area 
between  the  samples  was  not  known,  it  was  impossible  to  obtain  an 
absolute  value  'or  the  Kapitza  resistance. 
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Kapitza  resistance  measurements  have  recently  been  completed 
on  interfaces  between  Csl  crystals  and  metal.  Csl  belongs  to  a 
group  of  halides  which  exhibit  unusually  large  thermal  conductiv¬ 
ities*  (  ~1 . 0  W/cm-k)  for  dielectrics.  Most  solid-solid  Kapitza 
measurements  have  been  between  metals  and  low  thermal  conductiv¬ 
ity  materials,  except  for  a  couple  measurements  on  sapphire-metal 

v  *  2-5 

interfaces . 

In  the  last  report  on  Kapitza  measurements,  the  interpreta¬ 
tion  of  the  results  on  a  TICl-copper  interface  was  ambiguous  (in 
the  magnitude  of  the  resistance)  because  of  the  uncertainty  in 
the  contact  area  between  the  samples.  For  these  measurements 
each  of  the  matching  faces  was  polished  optically-f lat  in  order 
to  maximize  the  contacted  surface  area. 

The  Csl  crystals  were  purchased  from  Harshaw/Fi 1 trol  (Solon, 
Ohio)  as  an  "off-the-shelf"  item  in  single-crystal  rods  each 
about  .21"  in  diameter  and  about  1"  long.  Each  face  was  polished 
by  Harshaw  but  nothing  was  done  to  the  cylindrical  walls  of  the 
rods.  For  the  metal  part  of  the  interface,  two  rods  of  1/4"  ETP 
copper  were  cut  about  1.5"  in  length.  One  end  of  each  rod  was 
polished  opt ically-f lat  at  Westinghouse  R&D  Center  (Pittsburgh). 
One  rod  was  nickel-plated  to  simulate  the  nickel-plating  on  the 
copper  sheath  of  a  superconductor  as  used  in  the  CeramPhys ics/ 
Westinghouse  dielectric  insulation  coating  program  funded  by 
Wr ight-Patterson  Air  Force  Base.  This  latter  copper  rod  was 
chemically  cleaned  immediately  before  it  was  plated.  No  other 
attempts  were  made  to  remove  surface  oxidation,  etc.  from  any 
samples . 

The  measurements  were  done  in  the  probe  previously  made  and 
described  in  this  program.  Two  sets  of  measurements  were  made 
simultaneously  in  the  probe:  (1)  A  Csl-unplated  copper  interface 
and  (2)  A  CsI-Ni-plated  copper  interface.  Each  interface  was 
formed  as  a  pressed  contact  between  a  Csl  and  metal  rod  with  the 
metal  being  the  closest  to  the  probe  reservoir.  The  pieces  were 
held  in  place  by  a  yoke  of  nylon  attached  with  screws  to  a  copper 
platform  which  in  turn  was  bolted  directly  to  the  probe  reser¬ 
voir.  The  '.ylon  yoke  was  made  of  two  "posts"  of  nylon  which 
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stood  on  either  side  of  the  sample  and  were  parallel  to  the  axis 
of  the  sample.  These  nylon  pieces  were  slightly  shorter  than  the 
combined  length  of  the  two  sample  rods  (Csl  +  copper).  The  two 
nylon  posts  were  bridged  by  a  third  nylon  piece  (a  "lintel")  and 
secured  to  them  with  screws.  This  lintel  piece  thus  pressed  down 
onto  the  sample  rods,  holding  the  rods  on  the  platform  and 
against  each  other.  Since  the  Csl  rod  was  slightly  smaller  in 
diameter  than  the  copper  rod,  there  was  no  problem  with  the  axial 
alignment  of  the  two  rods;  it  was  easy  to  keep  the  Csl  completely 
on  the  face  of  the  copper  rod.  A  slight  bit  of  indium  was  placed 
between  the  copper  rod  and  the  platform  to  ensure  good  thermal 
contact  at  that  point. 

Calculations  show  that  the  nylon  conducts  less  than  .1%  of 
the  heat.  Therefore,  this  correction  was  ignored  in  the 
calculations . 

Two  carbon  resistance  thermometers  (nominal  220  ft,  1/8  watt 
Al len-Brad ley )  were  attached  to  each  copper  and  Csl  sample.  In 
order  to  minimize  the  uncertainty  in  the  measurement  of 
thermometer  positioning,  a  single  strand  of  Formvar- insulated 
copper  wire  was  wrapped  around  a  rod  for  each  thermometer.  The 
ends  were  twisted  to  draw  the  wire  tightly  against  the  rod  and  GE 
7031  varnish  was  painted  on  the  wire  to  ensure  good  thermal 
contact.  One  free  end  of  the  wire  was  then  wrapped  and  varnished 
to  the  thermometer. 

The  thermometers  were  placed  in  series  in  order  to  minimize 
the  number  of  lead  wires  needed  (resistance  measurements  were 
always  four-lead).  The  thermometers  were  thermally  isolated  from 
each  other  and  from  the  external  leads  with  about  six  inches  of 
~100  ohm/ft  manganin  between  each  thermometer  and  in  front  of 
each  external  lead.  The  heaters  were  about  500  ohms  of  the  same 
manganin  wrapped  around  the  free  end  of  the  Csl  rods. 

The  results  of  the  Kapitza  measurements  are  shown  in  Fig.  1 
for  both  interfaces.  The  methodology  consisted  of  establishing  a 
reservoir  temperature  at  various  temperatures  4.2  K  and  lower. 

At  each  of  these  points,  the  heater  power  was  turned  off  and 
thermometer  calibration  points  were  made  using  a  germanium 
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thecmometer  in  the  reservoir.  Then  heater  power  was  applied,  the 
system  was  allowed  to  stabilize,  and  the  measurements  were 
recorded.  Usually  several  different  heater  powers  were  applied 
at  each  reservoir  setting  which  would  drive  the  sample 
temperatures  a  little  higher  at  each  increase  in  power  and 
therefore  provide  data  points  at  temperatures  in  between  each 
reservoir  setting. 

At  times,  the  heater  power  was  either  too  high  or  too  low  as 
judged  by  the  ratio  of  at/T  on  the  Csl  samples,  where  AT  is  the 
temperature  difference  between  the  two  sample  thermometers  and  T 
is  their  average  temperature.  In  general  AT/T  values  less  than 
1%  or  more  than  6%  were  eliminated  from  the  data  in  Fig.  1. 

Within  this  range,  however,  the  Kapitza  resistance  was  not  af¬ 
fected  by  the  power  levels  as  shown  in  several  places  by  com¬ 
paring  data  at  different  power  levels  and  different  reservoir 
temperatures.  That  is,  the  highest  power  setting  at  one 
reservoir  temperature  often  brought  the  interface  temperature 
above  the  temperature  from  the  lowest  power  setting  at  the  next 
highest  reservoir  temperature.  The  points  always  were  consistent 
with  each  other. 

The  data  in  Fig.  1  were  fit  to  the  equation: 


For  the  unplated  copper  -  Csl  interface,  n  =  -2.76  and  A  =  144, 

for  the  plated  copper  -  Csl,  n  =  -2.72,  A  =  411  with  units  of  R 

2  K 
of  (cm  -K/W) .  The  slopes  are  consistent  with  each  other  and  very 

typical  for  solid-solid  Kapitza  measurements.  The  values  of  A 

are  somewhat  higher  than  usual  which  probably  indicates  that  even 

with  opt ical ly- f  lat  surfaces  pressed  against  each  other,  the 

pieces  are  not  in  complete  contact,  (i.e.,  the  cross-sectional 

area  of  the  Csl  rod)  is  too  large  and  in  fact  only  a  fraction  of 

this  area  was  actually  in  intimate  contact  with  the  copper.  This 

area  of  contact  should  be  somewhat  dependent  on  the  pressure 

applied  to  the  contact  which  in  this  case  is  provided  by  the 

nylon  post  and  lintel  arrangement.  It  is  not  possible  to  measure 


this  force  directly  especially  at  4.2  K  (recall  nylon  contracts 
much  more  than  copper  at  low  temperatures).  The  difference  in 
the  applied  force  could  account  for  the  difference  between  the 
two  samples  in  the  absolute  magnitudes  of  the  Kapitza 
resistances.  Qualitatively,  the  unplated  copper  -  Csl 
combination  was  clamped  more  tightly  and  this  interface  has  the 
lower  Kapitza  resistance,  as  would  be  expected. 

As  a  comparison,  consider  the  measurements  of  Schmidt  and 
Umlauf^  on  an  interface  of  indium  and  sapphire.  They  found  a 

temperature  dependence  of  n  —  2.5  and  a  magnitude  of  R  ~0 . 6-0 . 8 

2  K 
(cm  -K/W)  at  4.0  K  composed  to  values  of  3.0  and  10.0  found  here 

They  used  vacuum  evaporation  and  casting  to  form  their  interface 

Their  results  for  R  are  greater  at  4.0  K  by  a  factor  of  two 

above  that  predicted  by  the  acoustical  mismatch  theory. 

when  the  data  is  analyzed,  the  temperature  at  the  interface 
is  found  directly  by  extrapolating  the  temperature  between  the 
two  thermometers  of  any  one  sample  to  the  interface,  i.e.,  it  is 
not  assumed  that  the  thermal  conductivity  of  the  sample  is  known 
It  can  be  calculated  from  the  measurements,  however,  and  can  be 
used  as  a  check  on  the  methodology.  For  instance,  in  this  case 
the  thermal  conductivity  of  both  copper  pieces  was  found  to  be 
~4.5  W/cm-K  at  4.2  K  and  had  a  linear  temperature  dependence. 

Not  only  is  the  magnitude  correct,  but  so  is  the  temperature 
dependence,  which  lands  credence  to  the  experimental  method.  The 
thermal  conductivity  of  the  Csl  was  somewhat  depressed  compared 
to  the  expected  value  of  5-7  W/cm-K  at  4.2  K . *  Both  samples  had 
a  positive  temperature  dependence  indicating  measurements  in  the 
boundary  scattering  regime.  If  the  peak  in  the  thermal 
conductivity  of  these  samples  occurs  at  about  10  K,  then  the 
depressed  thermal  conductivity  could  be  explained  by  boundary 
scattering  from  grains  with  dimensions  on  the  order  of  a  micron. 
Grains  this  small  are  however  unlikely  in  a  sample  sold  by 
Harshaw  as  a  single  crystal. 

A  more  likely  explanation  is  found  in  Ref.  1.  The  cesium 
halides  are  fairly  hygroscopic  and  there  was  good  evidence  in 
Ref.  1  for  the  presence  of  OH  ions  in  crystals  of  Csl  also 


purchased  from  Harshaw.  The  crystals  used  here  were  "off-the- 
shelf"  and  it  is  not  known  under  what  conditions,  or  for  how  long 
they  were  stored.  The  presence  of  OH-  ions  could  provide 
scattering  centers  responsible  for  lowering  the  sample  thermal 
conductivity. 

In  conclusion,  the  present  measurements  are  an  excellent 
indication  of  the  temperature  dependence  of  "real”  Csl-metal 
interfaces,  i.e.,  interfaces  that  would  actually  be  used  in  the 
process  of  coating  superconducting  wire.  Nickel-plating  the  wire 
does  not  change  the  temperature  dependence  and  probably  does  not 
change  the  magnitude  of  the  resistance. 
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A  series  of  measurements  has  been  completed  on  the  Kapitza 
resistances  between  high  thermal  conductivity  materials 
( n ic kel- plated  copper  and  cesium  iodide,  Cs I ) ,  and  low  thermal 
conductivity  materials.  The  normal  procedure  for  measuring  the 
Kapitza  resistance  between  two  high  thermal  conductivity 
materials  as  detailed  in  previous  reports  and  reviewed  below, 
must  be  modified  so  that  uncertainties  in  the  temperature  drop 
across  the  low  thermal  conductivity  material  do  not  swamp  the 
temperature  drop  due  to  the  Kapitza  resistance. 

Four  different  low  thermal  conductivity  ceramic  wafers  were 
measured  and  are  listed  in  Table  I.  SC1C  (also  known  as  CCN(9/1) 
has  been  the  subject  of  previous  investigation  for  use  as  the 
high-specific  heat  component  of  a  ceramic/glass  insulator  for 
superconductors  and  is  the  present  material  of  choice  along  with 
3072  glass  for  use  in  the  Westinghouse  wire-coating  process.  As 
seen  in  Table  I,  a  50%/50%  (by  weight)  ceramic/glass  mixture  was 
another  of  the  thin  wafers  measured  here.  SClD  (also  known  as 
ZCN ( 9/1 ) )  is  a  chemical  analog  of  SC1C,  both  having 
oxygen-octahedral  structures.  SCI A  has  also  been  thoroughly 
investigated  in  the  Air  Force  insulation  programs,  primarily  as  a 
h  igher-therma  1  conductivity  material. 

To  review,  the  Kapitza  resistance  is  defined  as  a 
temperature  difference  across  a  boundary  of  surface  area  (A)  when 
heat  (6)  is  flowing  across  that  boundary,  i.e., 

Rk  =  ( A/6)AT  .  (  1  ) 

The  temperature  drop  occurs  because  the  acoustical  mismatch  at 
the  interface  causes  some  reflection  of  phonons  from  the  surface, 
i.e.,  not  all  the  phonons  incident  on  the  surface  are  transmitted 
through  it.  Experimentally,  the  best  way  to  measure  R  is  to 

K 

join  two  bars  of  dissimilar  material  together  at  their  ends.  A 
heat  flow  is  established  by  a  heater  at  the  opposite  end  of  one 
material  and  the  opposite  end  of  the  other  material  is  attached 
to  a  constant  temperature  reservoir.  Two  thermometers  are 


attached  to  each  material  allowing  a  measurement  of  the 
temperature  gradient  along  the  material.  The  temperature  can  be 
extrapolated  to  each  side  of  the  interface  thus  establishing  AT 

and  R,  across  the  interface.  This  is  the  method  used  in  the 

k 

measurements  of  the  previous  two  reports. 

The  primary  uncertainty  in  this  type  of  measurement  is  the 
uncertainty  in  the  distances  between  thermometers  and  from  the 
thermometers  to  the  interface.  This  uncertainty  in  length  is 
equivalent  to  an  uncertainty  in  temperature  at  the  interface. 

For  high  thermal  conductivity  materials  this  uncertainty  in 
temperature  is  not  as  significant  as  in  low  thermal  conductivity 
materials.  For  instance,  a  temperature  uncertainty  of  1  mK  in  a 
1/4"  copper  rod  with  a  thermal  conductivity  of  1  W/cm-K  and  a 
heat  flow  of  1  mW  corresponds  to  an  uncertainty  of  ~  0.3  cm  in 
the  distance  between  thermometers,  i.e„,  the  total  uncertainty  in 
the  thermometer  positions  must  be  less  than  3  mm  to  know  the 
temperature  at  any  point  to  within  a  millikelvin.  This  accuracy 
is  easy  to  achieve.  However,  if  the  thermal  conductivity  of  a 
material  is  lowered  by  a  factor  of  10^  (typical  for  dielectrics) , 
then  the  position  of  the  thermometers  must  be  known  to  within 
three  microns  in  order  to  preserve  the  same  accuracy  under  these 
same  conditions,  which  is  an  impossible  task. 

The  solution  to  this  problem  is  to  place  a  thin  (~  50 
microns)  disk  of  low  thermal  conductivity  material  between  two 
bars  of  high  thermal  conductivity  material.  Each  bar  of  this 
high  thermal  conductivity  material  has  the  usual  two 
thermometers.  Thus  the  temperature  within  these  materials  may  be 
extrapolated  to  the  nearest  interface  with  the  low  conductivity 
material,  i.e.,  the  result  is  a  measurement  of  the  total 
temperature  drop  accross  the  disk  due  to  the  two  Kapitza 
interfaces  plus  the  thermal  conductivity  of  the  disk.  If  the 
thickness  and  thermal  conductivity  of  the  disk  are  known,  the 
calculated  temperature  drop  across  the  disk  can  be  subtracted 
from  the  total  to  yield  the  Kapitza  resistance  across  the  two 
i nterfaces. 


The  high  thermal  conductivity  bars  had  been  previously 
prepared  and  were  used  in  making  the  measurements  of  the  previous 
report.  These  are  rods  of  n  i  c  kel- pla  t  ed  copper  and  Csl,  Each 
had  been  polished  optically  flat  on  one  end.  Thermometers  were 
attached  by  looping  a  single  strand  of  30  gauge  copper  wire 
around  the  sample,  twisting  the  ends  to  hold  it  tightly  and  then 
looping  one  long  end  of  the  wire  around  the  thermometer  (a 
nominal  220  0,  1/8  watt  Allen-Bradley  carbon  resistor).  The 
uncertainty  in  the  placement  of  loop  was  ±.025  cm  including 
non-uniformities  due  to  the  plane  of  the  loop  not  being 
perpendicular  to  the  axis  of  the  rod.  GE  7031  varnish  was 
sparingly  used  on  the  loop  to  insure  good  thermal  contact  to  the 
rod.  Each  thermometer  lead  was  thermally  isolated  from  the 
terminal  block  by  a  coiled  1  foot  link  of  .0015"  manganin  (~  100 

n/ft  > . 

The  thermometers  were  wired  in  series  to  minimize  the  number 
of  required  leads  and  a  voltage  lead  was  attached  between  each 
pair  of  thermometers  and  at  each  end  of  the  series  so  that  each 
voltage  measurement  was  a  four-lead  ( pot ent iomet r i c )  measurement 
across  one  Allen-Bradley  and  two  thermal  isolation  manganin 
links.  The  manganin  links  are  ohmic  and  their  resistance  is 
temperature  independent  over  the  range  used  so  they  are 
effectively  included  as  a  change  in  a  constant  in  the  calibration 
equation  and  may  be  ignored. 

The  heater  on  each  sample  was  a  nominal  500  ohm  manganin 
heater,  the  resistance  of  which  was  accurately  measured  at  room 
temperature.  There  is  a  known  correction  for  the  resistance  at 
helium  temperatures,  so  it  was  only  necessary  to  measure  the 
heater  current  to  know  the  heater  power. 

Each  thin  disk  of  low  thermal  conductivity  material  was 
prepared  by  starting  with  materials  whose  thermal  conductivity 
had  been  previously  independently  measured.  Intial  "thick"  disks 
(nominal  100  microns  thick)  were  cut  at  CeramPhysics  using  a 
Buehler  "Isomet"  cutting  saw.  They  wpre  then  sent  to  the 
Westinghouse  R&D  Center  where  they  were  polished  on  each  side  and 


their  thickness  was  measured.  Their  final  thicknesses  ended  up 
varying  from  35  to  over  70  microns.  Dr.  Phil  Eckels  was 
instrumental  in  getting  this  work  done  and  his  help  and  care  is 
gratefully  acknowledged. 

The  entire  assembly  of  high  thermal  conductivity  rods  with  a 
wafer  between  them  was  loaded  into  a  yoke  (described  in  the  last 
report)  made  of  nylon  which  clamped  the  assembly  tightly  against 
a  copper  platform  which  was  in  turn  bolted  to  the  probe 
reservoir.  The  probe  has  also  been  previously  described.  Two 
samples  could  be  run  simultaneously,  although  in  most  runs  a 
problem  occured  which  limited  the  run  to  one  sample.  Since  nylon 
shrinks  much  more  than  metals  when  it  is  cooled,  there  were  large 
stresses  on  the  nylon  yoke  at  low  temperatures.  Twice  one  part 
of  the  yoke  snapped  where  it  was  attached  to  another  part  with  a 
screw,  thus  releasing  the  sample.  The  differential  shrinking  of 
the  nylon  also  put  large  pressure  on  the  samples,  squeezing  them 
together.  This  was  beneficial  in  that  it  increased  the  contact 
area  at  each  interface,  but  it  also  caused  an  unexpected  problem 
with  the  Cs I  rods.  These  rods  are  much  more  malleable  than 
metals  and  the  large  pressures  from  the  nylon  bent  the  rods  after 
no  more  than  two  or  three  runs,  i.e.,  the  rods  would  end  up 
curved  by  15°-20°.  During  a  run,  this  bending  would  sometimes 
separate  the  two  pieces  of  Cs  I  so  the  upper  piece  (farthest  from 
the  reservoir)  was  in  contact  with  the  lower  material  on  only  one 
edge  and  would  therefore  never  cool  below  ~  40-50  K. 


Experimental  Procedure 

The  experimental  procedure  started  with  an  overnight 
cooldown  with  liquid  nitrogen  in  the  bath  space.  In  the  morning 
this  was  pumped  out  and  the  bath  space  filled  with  liquid  helium. 
As  it  was  designed  to  do,  the  subpot  and  reservoir  would  them 
cool  slowly  to  4.2  K  over  about  three  hours  with  the  main  thermal 
link  being  gaseous  helium  in  the  subpot  and  pumping  line.  After 
the  system  was  stabilized  at  4.2  K  measurements  were  taken  by 
holding  the  subpot  (with  a  mechanical  regulator  temperature 
controller)  while  heat  was  applied  to  the  samples.  Increasing 


* 


o.-.- 

rv-* 


►/  -■ 


».•  .,■■ 
b  *'■  '* 


IH.IMIVIHIII"  ■'■"■I  I  IMIi|iFyy^^PTtf»>TIT»TI|.n  UP»i»l,.ifil^ 


'.»  lip  '•-■ 


the  heat  flow  in  small  steps  effectively  raised  the  temperature 
of  the  sample  in  small  steps,  so  that  the  reservoir  temperature 
did  not  have  to  be  reset  for  each  point.  A  good  compromise  :n 
the  trade-off  between  minimizing  the  number  of  reservoir  settings 
and  keeping  the  heat  flow  in  a  reasonable  range  was  to  change  the 
reservoir  temperature  by  ~  0.3  K  downward  and  take  6-8  points  (at 
different  power  levels)  within  each  reservoir  setting. 

At  4.2  K,  the  typical  heat  flow  ranged  from  ~  1.5  mW  to  10 
mW.  This  range  gave  a  typical  AT/T  of  ~  1.5%-10%  and  this  range 
was  maintained  at  all  temperatures.  Here  AT  is  the  total 
temperature  drop  across  the  two  interfaces  and  low  thermal 
conductivity  disk  and  T  is  the  average  temperature  in  the  thin 
disk  (which  is  also  assumed  to  be  the  Kapitza  temperature). 

At  each  reservoir  temperature,  each  of  the  Allen-Bradley 
thermometers  were  calibrated  against  a  previously  calibrated 
germanium  thermometer  which  in  turn  had  been  calibrated  directely 
against  an  NBS  calibrated  standard.  The  set  of  8-10  calibrations 
points  for  each  Allen-Bradley  was  then  fit  to  the  equation: 

logR  =  A  +  BT_P  .  (2) 

Since  only  temperature  differences  are  required,  the  fitted  value 
of  A  was  not  retained.  Instead  it  was  recalculated  each  time 
there  was  a  zero-power  point  and  this  A  was  used  for  each  of  the 
thermal  conductivity  points  made  at  that  reservoir  setting.  This 
effectively  means  that  in  the  Kapitza  calculations,  only 
temperature  differences  for  each  thermometer  were  used,  which 
increases  the  accuracy  as  long  as  the  differences  do  not  become 
excessively  large. 

Experimental  Results 

The  experimental  results  are  shown  in  the  graphs  of  Figs. 

1-4.  Each  of  the  sets  of  data  has  been  fit  to  a  straight  line  of 
the  form  log  R ^  =  log  D  +  n  log  T,  i.e.,  the  functional  form 

R,  =  DTn  (3) 

k 
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was  assumed.  The  results  of  the  fittings  are  shown  in  Table  I 


Table  I 

Fitting  parameters  of  Equation  3  (units  of 

Material _ D _ 

Cu  vs.  SC1C  244 

Cu  vs.  SC 1 D  778 


Cu  vs.  SC1A/3072  (50/50) 

Csl  vs.  SC1C/3072  (50/50) 


~  cm  -K/W) 


-2.  58 


-2.38 
-2.  27 


12720 


For  the  Cu  versus  SC1C  sample  only,  the  fitting  was  limited  to 
the  temperature  range  2  <  T  <  4  K  since  R^  seems  to  turn  up 
slightly  at  each  temperature  end.  All  the  other  fittings  include 
all  the  points  shown  on  the  graphs. 

There  are  no  error  bars  shown,  but  an  estimate  can  be  made 
of  the  measurement  uncertainty  and  other  errors.  For  instance, 
at  4.2  K,  the  error  in  absolute  temperatures  is  estimated  to  be 
less  than  10  mK  and  is  due  primarily  to  error  in  transferring  the 
calibrations.  Typical  fits  to  Eq.(2)  gave  residuals  (squared)  on 
the  order  of  .9999  which  corresponded  to  temperature  residuals  on 
the  order  of  2-3  mK.  Kapitza  resistances  were  calculated  from 
temperature  differences  and  these  are  much  more  accurate  than  the 
absolute  temperature  uncertainty.  For  instance  tne  reading  error 
of  the  resistance  was  ±  0. 1  n  which  corresponds  to  a  temperature 
uncertainty  of  ~  0.13  mK  at  4.2  K  and  decreases  rapidly  at  lower 
temperatures  since  dR/dT  increases.  From  the  discussion  above, 
the  uncertainty  in  the  thermometer  placement  also  corresponds  to 
an  uncertainty  in  the  temperature  at  the  interfaces,  but  this 
uncertainty  is  constant  as  is  the  uncertainty  in  the  area 
measurement  and  would  therefore  not  affect  the  error  bars  on  each 
points,  but  would  raise  or  lower  the  entire  curve.  The  heater 
current  uncertainty  is  the  only  other  uncertainty  which  would  add 
to  the  error  bar  at  each  point.  The  lowest  heater  current  was  ~ 
400  uamps  and  it  could  be  read  to  ±.l  gamps  or  to  .025%.  There 
are  thus  five  sources  of  error  for  each  R ^  measurement:  four 
reading  errors  from  thermometers  and  the  heater  current  (which  is 


squared).  Thus,  the  maximum  root-mean-square  reading  uncertainty 
of  each  point  near  4.2  K  is  ~  .035%.  The  absolute  uncertainty  in 
constants  (especially  the  interface  area)  dominates  all  others 
and  is  discussed  below. 

Discussion 

Over  the  years,  there  have  been  many  measurements  of  Kapitza 

1  2 

resistance,  most  of  which  have  been  fit  to  Eq.(3).  '  Typical 

2 

values  of  D  range  from  5-60  (units  of  in  cm  -K/W)  while  n 

ranges  from  -2  to  -3.  The  acoustic  mismatch  theory  predicts  n  = 

-3  and  a  value  for  D  which  depends  on  sound  velocities  (as  a 

function  of  frequency)  and  the  transmission  coefficients  of 

2 

phonons  across  an  interface  amoung  other  things  .  Since  sound 
velocities  are  not  available  for  any  of  these  materials  it  was 
impossible  to  predict  what  D  should  be. 

In  all  cases  D  is  higher  than  the  typical  values.  As 
suggested  in  the  last  two  reports,  this  is  almost  surely  due  to 
the  necessity  of  using  pressed  contacts  (even  though  highly 
polished)  compared  to  measuring  the  Kapitza  resistance  across 
boundaries  of  materials  which  can  be  bonded  to  each  other.  In 
fact,  it  is  this  uncertainty  in  the  contact  areas  which  has 
probably  led  most  investigators  to  limit  themselves  to  materials 
which  are  either  easily  deformed  and  highly  malleable  (e.g. 
indium)  or  to  materials  which  can  be  directly  bonded  to  metals 
(e.g.  epoxies).  One  exception  was  a  series  of  pressed  materials 
measured  by  A.C.  Anderson  under  very  similar  conditions  to  those 
used  in  this  study. ^  He  estimated  that  for  his  surfaces 
(unpolished)  only  ~  0.01%  of  the  area  was  making  contact. 
Polishing  the  surfaces  should  made  a  difference  and  probably  does 
according  to  Table  I.  All  of  the  thin  wafers  seemed  to  polish 
about  the  same  judging  from  how  much  diffusion  of  reflected  light 
there  was  from  the  surfaces.  Of  the  high  thermal  conductivity 
bars,  the  me  kel- plated  copper  was  more  highly  polished  than  the 
Csl  rods.  These  differences  account  for  the  large  value  of  D  in 
Table  I  for  the  Cs I-SC IC/3072  interfaces  since  the  value  of  the 
contact  area  was  probably  overestimated  more  for  this  surface 


than  for  the  copper  surfaces  since  the  surface  roughness  was 
greater  for  the  Csl  surfaces. 

The  values  of  D  for  the  copper  surfaces  are  all  within  a 

factor  of  three  of  each  other.  It  is  not  known  whether  these 

differences  reflect  (at  least  partially)  real  differences  in  the 

Kapitza  resistance  or  whether  they  reflect  only  differences  in 

the  surface  roughness  and  contact  pressure  (i.e.,  contact  surface 

area).  _if  the  lower  value  of  D  for  the  Cu-SCIC  surface  reflects 

a  real  tendency  for  SC1C  to  have  a  lower  Kapitza  resistance  than 

SC1A,  it  would  explain  an  anomalous  set  of  data  discovered  during 

previous  investigation  of  SC1C  and  SC1A  in  glass  for  use  as 

4 

insulators  on  superconductors.  The  anomalous  data  occured  when 
it  was  noted  that  when  SC1A  was  added  to  different  glasses  the 
thermal  conductivity  of  the  mixtures  are  depressed  by  factors  on 
the  order  of  ~  10-100  below  that  of  bulk  SC1A  (x  ~  10  mW/cm-K). 

In  fact,  there  is  evidence  the  composite  thermal  conductivities 
are  lower  than  those  of  the  base  glasses.  This  is  shown  in  Fig. 

5  for  three  different  glasses  with  50/50  (weight)  mixtures. 

Furthermore,  Fig.  6  shows  the  effect  of  adding  the 
(relative)  high  thermal  conductivity  SC1A  in  increasing  amounts 
to  3072  glass.  The  thermal  conductivity  dec reases  as  more  SC1A 
is  added.  These  results  along  with  the  slopes  of  the  thermal 
conductivity  curves  are  consistent  with  bulk  thermal  conductivity 
of  the  composite  material  being  limited  by  a  large  Kapitza 
resistance  between  the  grains  of  SC1A  and  the  glass,  and  in  fact 
this  Kapitza  resistance  dominates  more  and  more  as  the  percentage 
of  SC  1 A  increases. 

An  anomaly  occurs,  however,  when  the  same  procedure  is 
followed  with  SC1C  as  shown  in  Fig.  7.  In  this  case  the  SC1C 
thermal  conductivity  is  smaller  than  that  of  the  3072  glass  and 
has  a  pronounced  dip  near  8  K  associated  with  the  specific  heat 
maximum.  As  SC1C  is  added  in  dec  reas i ng  amounts  to  the  glass, 
the  thermal  conductivity  moves  consistently  from  that  of  bulk 
SC1C  to  that  of  the  glass  and  the  dip  disappears.  There  is  no 
evidence  that  increasing  the  SC1C  content  increases  the  Kapitza- 
limiting  thermal  resistance.  Yet  both  SClA  and  SC1C  are 


refractory  oxides  with  oxygen-octahedral  structures  and  had  about 
the  same  particle-size  distribution  in  the  ceramic/glass 
mixtures.  The  anomaly  can  be  explained  if  the  Kapitza  resistance 
of  SClC/glass  is  significantly  less  than  SClA/glass  as  possibly 
indicated  in  Table  I. 

Even  though  the  values  of  D  in  Table  I  depend  on  the  contact 
area,  the  exponent  n  does  not,  and  the  exponents  calculated  here 
can  be  taken  as  accurate  for  the  interfaces  measured.  As  stated 
above,  the  predicted  value  of  n  by  the  acoustic-mismatch  theory 
is  -3,  but  it  is  very  common  to  find  lower  absolute  values  of  n. 
The  difference  between  experiment  and  theory  arises  from  the 
dominant  role  of  added  phonon  scattering  centers  near  the 
interface  due  to  such  things  as  adsorbed  gases,  oxide  layers, 
dislocations,  impurities,  etc.  These  conditions  are  very  hard  to 
control  and  characterize,  and  beyond  keeping  the  surfaces  clean 
and  protecting  the  copper  surfaces  with  nickel-plating,  no 
attempt  to  do  so  was  made  here.  Recall  that  one  of  the  primary 
purposes  here  was  to  obtain  engineering  numbers  for  the  Kapitza 
resistance  which  implies  using  real  (non-ideal  surfaces)  as  would 
be  used  in  the  manufacturing  process. 

With  the  idea  that  the  data  in  Table  I  can  be  used  as  the 

upper  limits  of  the  Kapitza  resistance,  it  can  be  noted  that  the 

Kapitza  resistance  for  the  Cu  versus  SC1A/3072  interface  is  ~  25 
2 

cm  -K/w  at  4.2  K  and  the  thermal  conductivity  of  SC1A/3072  is 
10  ^  W/cm-K  at  4.2  K.  This  means  that  the  Kapitza  resistance  at 
a  Cu-SClA/3072  interface  is  at  most  equal  to  an  extra  250  microns 
of  SC1A/3072  in  the  length  of  the  heat  flow  path.  Since  (judging 
from  the  value  of  D  in  Table  I)  the  value  of  is  probably  at 

least  10  times  lower,  it  can  be  seen  that  under  most  conditions 
the  value  of  R^  is  negligible  compared  to  variations  in  thickness 
of  an  SClA/3072-coated  superconducting  wire. 

A  number  of  attempts  were  made  to  seal  one  of  the  Csl  rods 
into  a  fixture  which  would  allow  a  Kapitza  measurement  between 
the  Csl  and  superfluid  helium  (i.e.,  helium  with  high  thermal 
conductivity).  The  rod  must  be  sealed  against  superleaks  yet  the 
sealing  itself  must  not  add  a  significant  parallel  heat  path 
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along  the  rod  which  would  cause  measurement  error.  Several 
different  fixtures  were  tried  with  several  different  sealing 
methods  including  indium,  several  epoxies,  and  fired-on  silver 
paste  with  solder  applied.  None  would  seal  because  of  the 
mismatch  in  thermal  contraction  between  the  Csl,  the  fixture,  , 
the  sealing  material. 
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Specific-heat  and  thermal-conductivity  measurements  in  the  temperature  range  of  1 .7  to  20  K  are 
reported  on  single  crystals  of  CsBr,  Csl,  TIBr,  and  TIC)  and  on  a  polycry stalline  sample  of  Til.  All 
crystals  display  minima  in  the  effective  Debye  temperatures  which  are  reflected  in  maxima  in 
C / 7"- versus- T  curves,  and  these  extrema  are  especially  pronounced  for  TIC!.  Comparisons  ire 
made  with  the  predictions  of  existing  lattice-dynamics  calculations,  and  the  specific  heat  of  IlBr  is 
in  very  good  agreement  with  the  shell-model  calculations  of  Cowley  and  Okazaki.  A  Schottkv 
specific-heat  term  is  resolved  in  the  cesium  halides  at  the  lowest  temperatures  and  attributed  to  hy¬ 
droxyl  ions;  by  adopting  the  zero-field  splitting  for  OH“  in  KC1,  hydroxyl  concentrations  -  10;0 
cm  * '  are  estimated  in  CsBr  and  Csl.  The  C/  Ti  maxima  are  fitted  w  ith  Einstein  terms  added  to  the 
Debye  backgrounds,  and  these  fittings  'together  with  the  Schottky  fits  for  CsBr  and  Csl  yield  the 
following  Debye  temperatures:  CsBr,  145  K,  Csl,  124K,  TIBr.  116  K.;  T1C1,  120  K  and  Til.  10}  K.. 
Thermal-conductivity  data  for  all  crystals  display  maxima  at  —4—5  K  and  an  apparent  f! 
boundary-scattering  regime  at  the  lowest  temperatures.  Phonon  mean  free  paths  at  the  higher  tem¬ 
peratures  are  analyzed  according  to  the  Peierls  relation,  and  for  CsBr  and  T1C1  it  is  found  that  the 
Debye  modes  are  the  dominant  heat  earners.  For  the  remaining  crystals,  the  Einstein  modes  also 
carry  heat.  (The  Einstein  modes  at  these  higher  temperatures  dominate  the  specific  heats,  contnbut- 
mg  up  to  75%  in  the  case  of  T1C1.)  Thermal-conductivity  measurements  were  also  made  on  thin 
crystals  (  —  0.05  cm)  of  CsBr,  TIBr,  and  T1C1  to  examine  the  boundary-scattenng  region.  It  is  found 
that  in  this  region  the  limiting  phonon  mean  free  path  for  CsBr  scales  with  the  crystal  dimension, 
and  it  is  suggested  that  the  suppression  of  the  thermal  conductivity  may  be  due  to  the  hydroxyl  con¬ 
centration.  For  TIBr  and  T1C1,  the  limiting  phonon  mean  free  path  is  -0.01  cm  and  is  independent 
of  the  crystal  thickness;  this  behavior  is  attributed  to  a  mosaic  structure  within  these  crystals. 


I.  INTRODUCTION 

Alltali  halides  are  representative  ionic  crystals  with 
simple-cubic  structures  and  relatively  simple  interatomic 
potentials,  and  as  such  have  been  the  "subject  of  a  great 
deal  of  experimental  and  theoretical  work.  It  has  been 
natural  to  concentrate  on  the  NaCl-structure  crystals,  and, 
by  comparison,  the  CsCl-type  halides  have  been  relatively 
unexplored  from  an  experimental  land,  to  a  lesser  extent, 
from  a  theoretical)  viewpoint. 

There  are  significant  structure-sensitive  differences  in 
some  of  the  properties  of  the  NaCl-  and  CsCl-type  crys¬ 
tals.  For  example,  the  Gnineisen  parameters  for  the  cesi¬ 
um  halides  are  practically  temperature  independent  down 
to  low  temperatures,1  whereas  the  NaCl-type  crystals 
display  a  marked  temperature  dependence  of  this  parame¬ 
ter.  In  the  thallous  halides,  the  elastic  anisotropy, 
2CM/(Cn— i,  has  a  negative  temperature  depen¬ 
dence;2  in  contrast  to  the  NaCl-type  crystals.  Other 
differences  have  been  reported  in  the  temperature  and 
pressure  dependences  of  the  dielectric  constants'  and  ,n 
thermal-expansion  coefficients.4 

The  dielectric  properties  of  the  thallous  halides  .me 
especially  unique  in  that  the  dielectric,  constant,  are  large 
(  —30)  and  follow  a  Cune-Weiss  law  below  room  tempera¬ 
ture,5  suggestive  of  a  dominant  soft-optic  mode.  Howev¬ 
er,  Samara6  has  shown  from  pressure  and  temperature 


measurements  of  the  dielectric  constants  that  the  explicit 
temperature  dependence  of  the  polarizability  is  responsible 
for  the  Cune-Weiss  behavior,  rather  than  a  soft  mode. 
Subsequent  neutron-scattering  and  infrared  measurtments 
on  TIBr  confirmed  the  absence  of  a  dominant  soft  node  7 

The  lattice  dynamics  of  several  CsCl-type  crysta's  have 
been  calculated  based  on  various  models  (shell  model, 
rigid-ion  model,  etc.).8  These  calculations  predict  the 
temperature  dependence  of  the  Debye  temperature  ( © 0 ) 
at  low  temperatures,  and  two  central  results  are  obtained: 
(1)  0O  at  T —0  for  comparison  with  0O  from  elastic  con¬ 
stant  measurements,  and  ( 2 1  the  position  of  a  minimum  in 
0O  in  the  helium-temperature  range.  The  former  proper¬ 
ty  is  not  very  model  dependent  because  0olO)  is  deter¬ 
mined  primarily  from  the  elastic  continuum.  On  the  oth¬ 
er  Land,  the  position  and  dep.h  of  rhe  minimum  m  0O  re¬ 
sults  from  the  first  rapid  rise  in  the  density  of  staler,  (i.e., 
above  the  oa  k2  Debye  background)  and  so  is  very  model 
dependent.  However,  there  do  r.ot  appear  to  be  adequate 
spec’fic-heat  data  in  the  literature  for  the  CsCl-type  crys- 
lals  in  the  neighborhood  of  these  predicted  minima  in  the 
0o  s.  In  addition,  no  measurements  of  the  thermal  con¬ 
ductivities  of  CsC’-type  crystals  at  low  temperatures  have 
been  reported. 

The  purpose  of  the  studies  here  was  to  measure  the 
specific  heats  and  thermal  conductivities  of  several  CsCl- 
type  crystals  at  low  temperatures,  namely  TIBr,  TIC!  Til, 
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Specific  heat  and  thermal-conductivity  measurements  on  cesium 
and  thallous  halide  crystals  at  low  temperatures 
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CeramPhysics,  Inc.,  Westerville,  Ohio  43081 
(Received  28  December  1983;  revised  manuscript  received  12  July  1984) 

Specific-heat  and  thermal-conductivity  measurements  in  the  temperature  range  of  1.7  to  20  K  are 
reported  on  single  crystals  of  CsBr,  Csl,  TIBr,  and  T1C1  and  on  a  polycrystalline  sample  of  TIL  All 
crystals  display  minima  in  the  effective  Debye  temperatures  which  are  reflected  in  maxima  in 
C/r3-versus-T  curves,  and  these  extrema  are  especially  pronounced  for  T1C1.  Comparisons  are 
made  with  the  predictions  of  existing  lattice-dynamics  calculations,  and  the  specific  heat  of  TIBr  is 
in  very  good  agreement  with  the  shell-model  calculations  of  Cowley  and  Okazaki.  A  Schottky 
specific-heat  term  is  resolved  in  the  cesium  halides  at  the  lowest  temperatures  and  attributed  to  hy¬ 
droxyl  ions;  by  adopting  the  zero-field  splitting  for  OH-  in  KC1,  hydroxyl  concentrations  - 1020 
cm-3  are  estimated  in  CsBr  and  Csl.  The  C/T3  maxima  are  fitted  with  Einstein  terms  added  to  the 
Debye  backgrounds,  and  these  fittings  (together  with  the  Schottky  fits  for  CsBr  and  Csl)  yield  the 
following  Debye  temperatures:  CsBr,  145  K;  Csl,  124K;  TIBr,  116  K;  T1C1,  120  K;  and  Til,  103  K.. 
Thermal-conductivity  data  for  all  crystals  display  maxima  at  —4 — 5  K  and  an  apparent  T} 
boundary-scattering  regime  at  the  lowest  temperatures.  Phonon  mean  free  paths  at  the  higher  tem¬ 
peratures  are  analyzed  according  to  the  Peierls  relation,  and  for  CsBr  and  T1C1  it  is  found  that  the 
Debye  modes  are  the  dominant  heat  carriers.  For  the  remaining  crystals,  the  Einstein  modes  also 
carry  heat.  (The  Einstein  modes  at  these  higher  temperatures  dominate  the  specific  heats,  contribut¬ 
ing  up  to  75%  in  the  case  of  T1C1.)  Thermal-conductivity  measurements  were  also  made  on  thin 
crystals  (—0.05  cm)  of  CsBr,  TIBt,  and  T1C1  to  examine  the  boundary-scattering  region.  It  is  found 
that  in  this  region  the  limiting  phonon  mean  free  path  for  CsBr  scales  with  the  crystal  dimension, 
and  it  is  suggested  that  the  suppression  of  the  thermal  conductivity  may  be  due  to  the  hydroxyl  con¬ 
centration.  For  TIBr  and  T1C1,  the  limiting  phonon  mean  free  path  is  —0.01  cm  and  is  independent 
of  the  crystal  thickness;  this  behavior  is  attributed  to  a  mosaic  structure  within  these  crystals. 


L  INTRODUCTION 

Alkali  halides  are  representative  ionic  crystals  with 
simple-cubic  structures  and  relatively  simple  interatomic 
potentials,  and  as  such  have  been  the 'subject  of  a  great 
deal  of  experimental  and  theoretical  work.  It  has  been 
natural  to  concentrate  on  the  NaCl-structure  crystals,  and, 
by  comparison,  the  CsCl-type  halides  have  been  relatively 
unexplored  from  an  experimental  (and,  to  a  lesser  extent, 
from  a  theoretical)  viewpoint. 

There  are  significant  structure-sensitive  differences  in 
some  of  the  properties  of  the  NaCl-  and  CsCl-type  crys¬ 
tals.  For  example,  the  Griineisen  parameters  for  the  cesi¬ 
um  halides  are  practically  temperature  independent  down 
to  low  temperatures,1  whereas  the  NaCl-type  crystals 
display  a  marked  temperature  dependence  of  this  parame¬ 
ter.  In  the  thallous  halides,  the  elastic  anisotropy, 
7Ch/(C\\  —C  |2 ),  has  a  negative  temperature  depen¬ 
dence,2  in  contrast  to  the  NaCl-type  crystals.  Other 
differences  have  been  reported  in  the  temperature  and 
pressure  dependences  of  the  dielectric  constants3  and  in 
thermal-expansion  coefficients.4 

The  dielectric  properties  of  the  thallous  halides  are 
especially  unique  in  that  the  dielectric  constants  are  large 
( —30)  and  follow  a  Curie- Weiss  law  below  room  tempera¬ 
ture,5  suggestive  of  a  dominant  soft-optic  mode.  Howev¬ 
er,  Samara6  has  shown  from  pressure  and  temperature 


measurements  of  the  dielectric  constants  that  the  explicit 
temperature  dependence  of  the  polarizability  is  responsible 
for  the  Curie- Weiss  behavior,  rather  than  a  soft  mode. 
Subsequent  neutron-scattering  and  infrared  measurements 
on  TIBr  confirmed  the  absence  of  a  dominant  soft  mode.7 

The  lattice  dynamics  of  several  CsCl-type  crystals  have 
been  calculated  based  on  various  models  (shell  model, 
rigid-ion  model,  etc.).*  These  calculations  predict  the 
temperature  dependence  of  the  Debye  temperature  (0p) 
at  low  temperatures,  and  two  central  results  are  obtained: 
(1)  0 0  at  T  — *0  for  comparison  with  0D  from  elastic  con¬ 
stant  measurements,  and  (2)  the  position  of  a  minimum  in 
0O  in  the  helium-temperature  range.  The  former  proper¬ 
ty  is  not  very  model  dependent  because  0p<O)  is  deter¬ 
mined  primarily  from  the  elastic  continuum.  On  the  oth¬ 
er  hand,  the  position  and  depth  of  the  minimum  in  0p  re¬ 
sults  from  the  first  rapid  rise  in  the  density  of  states  (i.e., 
above  the  kl  Debye  background)  and  so  is  very  model 
dependent.  However,  there  do  not  appear  to  be  adequate 
specific-heat  data  in  the  literature  for  the  CsCl-type  crys¬ 
tals  in  the  neighborhood  of  these  predicted  minima  in  the 
0D’s.  In  addition,  no  measurements  of  the  thermal  con¬ 
ductivities  of  CsCl-type  crystals  at  low  temperatures  have 
been  reported. 

The  purpose  of  the  studies  here  was  to  measure  the 
specific  heats  and  thermal  conductivities  of  several  CsCl- 
type  crystals  at  low  temperatures,  namely  TIBr,  T1C1,  Til, 
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CsBr,  and  Csl.  There  were  several  motivations  for  these 
measurements:  (1)  to  provide  specific-heat  data  for  com¬ 
parisons  with  theoretical  predictions,  (2)  to  investigate  the 
nature  of  heat  conduction  in  these  crystals,  and  (3)  to  gain 
a  better  understanding  of  these  materials,  because,  owing 
to  their  unusual  thermal  properties,  they  are  becoming 
technologically  important  for  enthalpy  stabilization  in  su¬ 
perconducting  windings.9 

Large  single  crystals  of  CsBr,  Csl,  TIBr,  and  T1C1  of 
optical  quality  are  available  commercially.  Til  can  be 
grown  in  the  CsCl  structure  at  elevated  temperatures,  but 
upon  cooling  transforms  to  a  polycrystalline  mass  at 
170*C  with  a  double-layered  orthorhombic  structure 
(Dyt-Cmcm).10  Similarly,  CsG  can  be  grown  in  the 
CsCl  structure,  but  at  450  *C  transforms  to  a  mechanically 
unstable  NaCl  structure.  Finally,  CsF  and  T1F  are  diffi¬ 
cult  to  study  experimentally  as  they  are  both  extremely 
hygroscopic  and  the  latter  fluoride  is  hazardous. 

II.  EXPERIMENTAL  METHODS  AND  RESULTS 

Single  crystals  of  CsBr,  Csl,  TIBr,  and  T1C1  of  good  op¬ 
tical  quality  were  obtained  from  Harshaw  Chemical  Co. 
(Solon,  Ohio),  and  the  typical  impurity  levels  (e.g.,  Fe,  Na, 
etc.)  are  reported  to  be  <0.1  ppm.11  A  polycrystalline 
sample  of  Til  was  also  obtained  from  Harshaw.  Some 
specific-heat  data  on  these  thallous  halides  were  previous¬ 
ly  measured12  on  crystals  of  comparable  quality  (see 
below). 

Specific-heat  measurements  here  were  performed  by  a 
pulse  method  in  the  adiabatic  calorimeter  described  else¬ 
where.12  Briefly,  the  addenda  were  kept  to  a  minimum  by 
flxturing  the  heater  (—20011)  and  a  carbon-chip  ther¬ 
mometer  (  —  10  mg)  directly  on  the  sample,  and  the  AT /T 
values  were  maintained  at  ~2%.  The  addenda  contribu¬ 
tion  to  the  specific  heat  is  largest  at  the  lowest  tempera¬ 
ture  (1.7  K),  and  in  the  measurements  here  this  maximum 
addenda  contribution  varied  from  4.2%  for  TIBr  to  9.2% 
for  Til.  Owing  to  the  small  addenda  corrections,  the  un¬ 
certainty  in  the  method  is  believed  to  be  less  than  ±5%. 

Thermal-conductivity  measurements  were  made  on  bars 
cut  from  the  crystals  (and  on  thin  sections;  see  below). 
All  cutting  operations  were  done  slowly  under  oil  using  a 
thin  diamond  saw,  and  all  cut  samples  were  annealed  in 
Grafoil  for  24  h  at  350 'C  or  450  *C  for  the  thallous  and 
cesium  halides,  respectively.  No  effort  was  made  to  pol¬ 
ish  the  cut  surfaces  which  appeared  smooth. 

Owing  to  the  large  thermal  conductivities  of  these  crys¬ 
tals,  the  “two-heater,  one-thermometer’’  linear-heat-flow 
method  was  used.11  The  primary  advantage  of  this 
method  is  that  only  one  thermometer  calibration  is  re¬ 
quired,  since,  for  these  crystals,  the  AT  values  tend  to  be 
relatively  small.  The  main  uncertainty  in  the  method 
stems  from  measuring  the  separation  of  the  heaters 
(  <  ±5%). 

The  thermal  conductivities  of  thin  <  —0. 5-mm)  bars 
were  also  measured,  and  samples  were  assembled  by  load¬ 
ing  25—30  bars  (or  fibers;  see  below)  into  a  thin-walled 
plastic  straw  (3.2  mm  diam)  for  mechanical  support.  Ac¬ 
tually,  sections  of  a  straw  were  used  to  allow  gaps  for 
winding  the  two  heaters,  and  a  tight-packing  arrangement 


FIG.  I.  Specific  heats  of  CsBr  and  Csl  plotted  as  C/T1  vs 
T.  Both  crystals  display  maxima  in  C/T1  at  about  12  K  and  a 
sharp  rise  in  C/T 3  below  3  K.  The  latter  features  follow  a 
Schottky  term  as  shown  in  the  inset  and  are  believed  due  to  hy¬ 
droxyl  impurities. 

was  obtained  to  ensure  efficient  transverse  heating  at  the 
heater  locations.  The  free  end  of  the  bundle  of  bars  was 
potted  with  silver  epoxy  through  which  several  thin 
copper  wires  were  threaded;  these  wires,  in  turn,  were 
wrapped  around,  and  varnished  to,  a  carbon-chip  ther¬ 
mometer.  In  all  the  thermal-conductivity  measurements 
here,  the  overall  A  //  ratios  were  —0. 1—0.2  cm,  and  these 
measurements  were  also  made  in  the  adiabatic  calorimeter 
mentioned  above. 

Specific-heat  data,  1.7—20  K,  on  the  cesium  and  thal¬ 
lous  halides  are  shown  in  Figs.  1  and  2,  respectively.  The 
data  are  plotted  as  C/T1  to  illustrate  the  departure  from 


FIG.  2.  Specific  heats  of  the  thallous  halides  plotted  as  C/T’ 
vs  T.  All  crystals  display  pronounced  maxima  in  C/T ’  at  5—7 
K,  especially  T1C1.  The  electric  field  dependence  of  the  specific 
heat  of  T1C1  is  shown  in  the  neighborhood  of  the  maximum  in 
C/T'. 
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for  the  Debye  function,16  and  these  QD—T  data  are 
shown  in  Fig.  3.  Here,  and  throughout  this  paper,  the  re¬ 
ported  Debye  temperatures  are  normalized  to  one  atom 
per  formula  weight.  In  arriving  at  these  data  in  Fig.  3  the 
specific-heat  data  for  the  cesium  halides  below  3  K  have 
been  deleted  due  to  the  Schottky-type  excitation  Fig.  1). 
The  ©D  intercept  values  at  T  =0  in  Fig.  3  result  from  the 
data  fittings  discussed  below.  As  seen,  ©p  for  T1C1 
displays  the  deepest  minimum  (from  120  K  at  T  =0  to  76 
K  at  5.4  K)  of  all  the  halides  measured. 

Thermal-conductivity  data  measured  on  bars 
[( —0. 15x  1.0)-cm2  cross  section]  of  the  cesium  and  thal- 
lous  halides  are  shown  in  Figs.  4  and  5,  respectively.  For 
all  materials,  the  thermal  conductivity  '  K )  passes  through 
a  maximum,  and,  at  the  lowest  temperatures,  a  K  x  Ty 
boundary-scattering  limit  is  apparently  reached.  Some 
data  from  separate  runs  on  TIBr  and  T1C1  are  also  shown 
in  Fig.  5. 

Although  the  crystals  in  Figs.  4  and  5  have  relatively 
large  maximum  K  values  (2—7  Wcm'^"1),  it  is 
surprising  that  the  TIBr  and  T1C1  crystals  do  not  have 
much  larger  thermal  conductivities  because  the  specific 
heats  and  densities  of  these  crystals  are  very  large  (Fig.  2). 
That  is,  if  we  adopt  the  kinetic  expression. 


Debye  behavior.  For  the  cesium  halides  in  Fig.  1,  an  ad¬ 
ditional  excitation  contributes  to  the  specific  heat  below 
about  3  K,  and  the  inset  of  Fig.  1  indicates  that  this  exci¬ 
tation  follows  a  Schottky  term  very  well  (see  below). 

The  data  in  Fig.  2  for  the  thallous  halides  include  the 
data  reported  previously.12  There  are  two  major  additions 
in  Fig.  2  compared  to  the  previously  reported  data:  (1) 
data  are  extended  in  Fig.  2  down  to  1.7  K,  and  (2)  data  for 
TIG  are  shown  measured  with  an  applied  electric  field  of 
13.6  kV/cm. 

The  reason  for  extending  the  thallous  halide  measure¬ 
ments  to  1.7  K  was  to  look  for  an  additional  excitation,  as 
occurs  in  the  cesium  halides  (Fig.  1).  The  reason  for  the 
electric  field  measurements  was  as  follows:  The  C/T3 
maximum  for  TIG  in  Fig.  2  represents  such  a  dominating 
effect  (the  Debye  contribution  to  this  maximum  is  only 
25%;  see  below)  and  the  depth  of  the  minimum  in  the  ef¬ 
fective  0D  for  TIG  (76  K,  Fig.  3)  disagrees  so  Substantial¬ 
ly  with  lattice-dynamics  calculations  (127  K;  see  below), 
that  it  was  logical  to  question  whether  some  portion  of 
this  C/T3  maximum  may  be  due  either  to  a  polar  impuri¬ 
ty  or  to  an  optic  mode  that  becomes  low  lying  in  the 
helium-temperature  range  (note  that  neutron-scattering 
data7  on  TIBr  were  not  measured  below  100  K).  In  either 
case,  an  E  field  is  expected  to  alter  the  specific  heat.14 
However,  as  seen  in  Fig.  2,  the  applied  electric  field  does 
not  affect  the  position  or  height  of  the  maximum  in 
C/T 1  of  TIG,  and  we  conclude  that  this  is  an  intrinsic 
effect. 

The  effective  Debye  temperatures  of  the  cesium  and 
thallous  halides  are  derivable  directly  from  the  (smoothed) 
specific-heat  data  in  Figs.  1  and  2  using  published  tables 


K=jCpvX,  (1) 

where  p  is  the  density,  v  is  the  average  sound  velocity,  and 
A.  is  the  phonon  mean  free  path,  then  in  the  boundary¬ 
scattering  limit,  kczd,  where  d  is  the  minimum  crystal 
thickness.  For  TIBr  and  TIG,  p =7.557  and  7.000  g/cm3, 
respectively,  and  Morse  and  Lawson2  report  v  =  1.82  X  105 


m 


FIG  3.  Temperature  dependences  of  the  effective  Debye 
temperatures  of  the  cesium  and  thallous  halides  derived  from 
the  data  in  Figs,  i  and  2  The  0O  values  shown  at  T=0  K  re¬ 
sult  from  the  fittings  described  in  the  text. 


FIG.  4.  Thermal-conductivity  data  measured  on  crystals  of 
CsBr  and  Csl.  The  dashed  lines  represent  the  T’  boundary¬ 
scattering  regions. 
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FIG.  5.  Thermal-conductivity  data  measured  on  crystals  of 
TlBr  and  TIG,  and  on  a  polycrystalline  sample  of  Til.  The 
dashed  lines  represent  the  7°  boundary-scattering  regions,  and 
some  duplicate  data  for  TlBr  and  TIG  a>e  shown  (solid  points). 


cm/sec  for  TlBr.  Using  the  C  data  in  Fig.  2  for  these 
crystals,  Eq.  (1)  predicts  that  K  —  50  Wcm-,K~'  for 
d~Q.  15  cm  near  the  maximum  in  K.  Conversely,  for 
CsBr  and  Csl  (p=4.440  and  4.526)  the  same  exercise 
yields  KT~  10  Wcm'1  K~',  which  agrees  somewhat  better 
with  the  measured  data.  Fig.  4. 

The  Casimir  relation 

K  -4.076X  10'°rJ/4  ,/2Av)2 

is  useful  for  judging  homogeneous  boundary  scattering, 
where  A  is  the  cross-sectional  area  of  the  bar  and  V  is  the 
average  sound  velocity.  Applying  this  relation  to  the 
crystals  here,  we  find  that  at  2  K  the  predicted  thermal 
conductivities  for  the  thallous  halides  are  at  least  an  order 
of  magnitude  larger  than  the  measured  values  in  Fig.  5. 
For  the  cesium  halides  the  comparison  is  somewhat 
better,  the  predicted  values  being  about  4  times  larger 
than  the  experimental  values  at  2  K  in  Fig.  4.  These  re¬ 
sults  indicate  that  the  scattering  of  phonons  by  defects  is 
important  in  these  crystals  despite  the  very  small  impurity 
levels  quoted  above. 

Phonon  scattering  in  these  CsCl-structure  crystals  was 
pursued  further  by  measuring  thermal  conductivities  on 
thin  samples.  Thin  bars  of  T1C1  (0.64x0.64  mm:)  and 
CsBr  (0.64x0.64  mm2)  were  cut  from  the  crystals  as 
described  above,  and  thin  fibers  of  TlBr  (0.49  mm  diam) 
were  obtained  from  Harshaw  (The  Csl  crystal  proved  too 
brittle  to  cut).  The  results  of  these  measurements  for 
CsBr,  and  for  TlBr  and  T1C1,  are  shown  in  Figs.  6  and  7, 
respectively;  also  shown  are  the  "bulk”  thermal  conduc- 


FIG.  6.  Thermal-conductivity  data  measured  on  thin  crystals 
of  CsBr  compared  to  the  “bulk”  data  from  Fig.  4. 

tivities  for  these  crystals  from  Figs.  4  and  5  for  compar¬ 
ison. 

The  thin-crystal  data  in  Figs.  6  and  7  also  approach  the 
KccT 3  limit  at  the  lowest  temperatures,  but  there  is  a 
striking  difference  between  CsBr  and  the  thallous  halides: 
The  r  limit  is  depressed  for  CsBr,  whereas  this  limit  is 


FIG.  7.  Thermal-conductivity  data  measured  on  thin  crystals 
(—0.05  cm)  of  TlBr  and  T1C1  compared  to  the  “bulk"  data 
from  Fig.  5.  In  contrast  to  CsBr  (Fig.  6),  the  thick-  and  thin- 
sample  data  for  these  thallous  halides  approach  the  same  limit¬ 
ing  values  in  the  7*]  boundary-scattering  regions. 
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approximately  the  same  for  thick  and  thin  crystals  of  the 
thallous  halides.  At  the  higher  temperatures,  the  thick- 
and  thin-sample  thermal-conductivity  data  converge  for 
all  three  crystals. 


III.  DATA  ANALYSES 


The  thermal  data  above  reveal  significant  differences 
between  the  cesium  and  thallous  halides:  The  effective 
Debye  temperatures  for  the  cesium  salts  are  larger  than 
those  for  the  thallous  salts,  and  go  through  broad  minima 
compared  to  the  deep  and  narrow  minima  for  the  thallous 
salts.  The  scattering  of  phonons  in  CsBr  appears  to  scale 
approximately  with  the  crystal  thickness,  but  the  scatter¬ 
ing  in  TIBr  and  T1C1  appears  to  be  independent  of  the 
crystal  thickness.  In  this  section  we  will  pursue  analyses 
of  these  thermal  data  according  to  simple  models. 

The  specific-heat  data  for  the  cesium  halides  in  Fig.  1 
show  that  an  excitation  makes  a  significant  contribution 
to  C/FJ  below  about  3  K.  Attempts  were  made  to  fit 
these  data  to  various  specific-heat  functionals,  and  excel¬ 
lent  fits  were  obtained  with  the  high-temperature  form  of 
the  Schottky  term,  <r  7  2,  added  to  a  T1  Debye 
background.  These  CT^-versus-  Ts  fits  are  shown  in  the 
inset  of  Fig.  1.  Debye  temperatures  for  CsBr  and  Csl  are 
obtained  from  the  slopes  of  these  fits,  and  are  146.0  and 
125.1  K,  respectively. 

The  general,  multilevel  Schottky  term  has  a  T~2 
dependence  at  temperatures  larger  than  the  level  splitting, 
so  the  presence  of  this  term  says  nothing  about  the  re¬ 
sponsible  excitation.  An  impurity  effect  is  suggested, 
which,  however,  is  absent  in  the  thallous  halides.  Since 
the  cesium  halides  are  far  more  hygroscopic  than  the  thal¬ 
lous  halides,  this  Schottky  term  may  be  due  to  hydroxyl 
ions.  It  is  known  that  OH~  ions  occupy  halogen  sites  in 
NaCl-type  crystals  (e.g.,  KC1  and  KBr)  and  have  six 
equilibrium  orientations  along  [100]. 17  The  ground  state 
is  tunneling-split  into  a  singlet  A  1(l  of  energy  —26,  a  trip¬ 
let  T it  of  zero  energy,  and  a  doublet  E9  of  energy  6, 
where  6  is  the  zero-field  splitting.1*  The  Schottky  contri¬ 
bution  to  the  specific  heat  from  these  tunneling  states  is19 


„  6Nky2(2e  2>+3e~i’' +e~,f)  c 

c“’  ’  ”-s/T  ® 


where  ,V  is  the  OH-  concentration  in  cm-3.  At  T »5, 
Eq.  (2)  reduces  to  C^ct,=Nkib/T)2.  Assuming  this  form 
applies  to  the  CsCl  structure  and  using  the  fitted  data  for 
CsBr  and  Csl,  we  find  that  iV52=  1. 13x  1019  and 
9.68X  101*  K2cm~3,  respectively.  In  the  NaCl-type  crys¬ 
tals,  6~0. 34  K,20  which  implies  OH-  concentrations  in 
these  cesium  halide  crystals  of  iV~  1020  cm  “ 3.  These  con¬ 
centrations  are  comparable  to  those  found  in  KC1  crys¬ 
tals,1*  but  apparently  were  not  detected  in  the  chemical 
analyses  for  Fe,  Na,  etc.  in  these  cesium  salts.  (An  alter¬ 
nate  suggestion11  is  the  CN~  ion;  however,  the  splitting 
for  this  ion  is  so  small,  6~0.07  K,21  that  unrealistically 
large  concentrations,  ,V  —  2  x  1 02 1  cm-3,  are  needed  to 
satisfy  the  fitting  parameters.) 

Phonon  scattering  by  the  (suspected)  hydroxyl  ions  in 
the  cesium  halides  would  be  most  pronounced  at  tempera¬ 
tures  near  the  zero-field  splitting  (  -0.3  K),  and  this  may 


prove  to  be  a  useful  area  for  future  research.  We  can 
speculate  here  that  the  hydroxyl  impurities  may  be  re¬ 
sponsible  for  the  depressed  thermal  conductivities  of  these 
cesium  salts  in  the  T3  limit,  as  discussed  above. 

The  specific-heat  data  in  Figs.  1  and  2  show  large  maxi¬ 
ma  in  C/T3,  and  it  has  been  found12  that  such  maxima 
can  often  be  described  very  accurately  by  a  single 
Einstein-oscillator  term  added  to  the  Debye  background, 

C  =3nRD(T/®D)  +  }Rrx1e*Aez-\)1,  x=QE/T  (3) 

where  n  is  the  number  of  atoms  per  formula  weight, 
D{®d/T)  and  ©0  are  the  Debye  function  and  tempera¬ 
ture,  respectively,  r  is  the  number  of  Einstein  oscillators 
per  formula  weight,  and  ©£  is  the  Einstein  temperature. 
In  the  general  case,  if  one  has  knowledge  of  optical  modes 
and  if  such  modes  are  approximately  independent  of  the 
wave  vector,  then  these  modes  can  be  represented  by  ap¬ 
propriate  Einstein  terms.22  In  our  case  here,  the  Einstein 
term  can  be  thought  of  as  representing  the  first  rapid  rise 
in  the  density  of  states  above  the  Debye  background,  and 
the  analyses  according  to  Eq.  (3)  have  the  particular  ad¬ 
vantage  of  yielding  the  Debye  temperatures. 

The  specific-heat  data  for  the  cesium  and  thallous 
halides  were  fitted  to  Eq.  (3)  using  a  three-level-fitting  re¬ 
gime  (i.e.,  for  ©£>,  0£,  and  r )  which  incorporated  a  table 
of  the  Debye  function.16  The  cesium  halide  data  below  4 
K  were  not  used  in  these  fits  to  avoid  the  tail  of  the 
Schottky  term  (Fig.  1).  These  fitted  data  are  shown  in 
Fig.  8  for  the  cesium  halides.  In  these  plots,  C„  is  the  ex¬ 
cess  specific  heat.  Ca~Ceip-CD^yc,  and  excellent  fits  to 
the  data  are  obtained  over  several  orders  of  magnitude  in 
T2Ca/3R  [the  slight  curvature  in  Fig.  8  is  due  to  the 


FIG.  8.  Fittings  of  the  CsBr  and  Csl  specific-heat  data  to  the 
single  Einstein-oscillator  model,  Eq.  (3).  Data  below  4  K  were 
not  included  in  these  fittings  to  avoid  the  tail  of  the  Schottky 
term,  Fig.  1. 
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TABLE  I.  Fitting  parameters,  Eq.  (3). 


Crystal 

@o  (K) 

0£  (K) 

aig  (cm-1) 

r 

Ne/Nd 

na 

120.4 

26.14 

18.17 

0.239 

23.31 

TIBr 

115.7 

31.34 

21.78 

0.251 

12.64 

TU 

103.2 

33.97 

23.61 

0.353 

9.89 

CsBr 

143.2 

60.09 

41.76 

0.331 

4.49 

Csl 

122.7 

56.36 

39.17 

0.397 

4.10 

T  «@£  form  of  Eq.  (3)  used  for  plotting].  Similar  fits 
for  limited  data  on  the  thailous  halides  were  reported  pre¬ 
viously;11  the  fits  obtained  here  are  equivalent,  and  only 
the  fitting  parameters  are  reported  (Table  I).  The  correla¬ 
tion  coefficients  for  these  fits  were  z=99.6%  and  the  fit¬ 
ting  parameters  are  given  in  Table  I.  Also  given  in  Table 
I  is  an  approximate  estimate  of  the  ratio  of  the  number  of 
Einstein  modes  (JVE)  to  Debye  modes  ( SD )  excited  at  the 
Einstein  temperature,13 

SE/ND^r(QD/QE)i  .  (4) 

The  Debye  contribution  to  the  specific  heat  of  these 
crystals  can  be  estimated  directly  from  the  Debye  tem¬ 
peratures  in  Table  I  and  compared  to  the  experimental 
data.  At  the  maximum  in  C/T 3  it  is  found  that  the  De¬ 
bye  contribution  varies  from  25%  for  T1C1  to  64%  for 
Csl.  Thus,  the  Einstein  modes  dominate  the  specific  heats 
of  these  halides,  particularly  so  in  the  case  of  the  thailous 
halides,  and  this  is  also  seen  in  the  NE/ND  values  in 
Table  I.  A  similar  dominance  has  been  found  in  the  hex¬ 
agonal  tungsten  bronzes13  and  in  ferroelectrics.11 

The  agreement  between  the  Debye  temperatures  for  the 
cesium  halides  from  the  Schottky  and  Einstein  fits  is 
quite  good:  CsBr,  ( 144.6±0.97%)  A;  Csl,  (123.9 
±0.97%) A.  These  uncertainties  in  the  Debye  tempera¬ 
tures  translate  into  uncertainties  in  C/T 1  of  ±2.9%, 
which  is  commensurate  with  the  experimental  inaccuracy. 
Furthermore,  the  fitting  parameters  demonstrate  that  the 
Schottky  term  makes  a  negligible  contribution  in  the  fit¬ 
ting  temperature  range  of  the  Einstein  term,  and  vice  ver¬ 
sa. 

It  has  recently  been  pointed  out  by  Pederson  and 
Brewer14  that  a  linear  relationship  exists  between  and 
the  reduced  mass  (p)  for  cubic  crystals,  and  this  relation 
holds  very  well  for  the  halides  in  Table  I.  Going  further, 
the  Einstein  frequencies  coE  scale  with  p~in  for  the  cesi¬ 
um  halides;  for  the  thailous  halides,  the  o>E  values  in 
Table  I  do  not  scale  with  but  tend  to  increase  as 

the  mass  of  the  halogen  ion  increases. 

Turning  next  to  the  thermal-conductivity  data,  the  pri¬ 
mary  question  is  what  are  the  heat-carrying  modes  in 
these  crystals?  This  question  deserves  special  considera¬ 
tion  since,  as  seen  above,  the  Einstein  term  dominates  the 
specific  heat  in  these  halides  at  low  temperatures.  One 
approach  to  this  problem  of  determining  the  heat-carrying 
phonons  is  to  employ  the  well-known  result  due  to 
Peierls,13 

K»Xme  ,  (5) 

for  the  phonon  mean  free  path,  which  has  been  verified  in 
several  dielectric  crystals.  This  relation  pertains  to  the 


temperature  region  well  above  the  maximum  in  the 
thermal  conductivity  and  has  been  derived  on  the  assump¬ 
tion  that  the  Debye  phonons  are  the  dominant  heat  car¬ 
riers.  What  is  important  here  is  that  if  k<*K/CD  [i.e., 
from  Eq.  (1)]  follows  Eq.  (5),  at  these  higher  temperatures, 
where  CD  is  the  Debye  contribution  to  the  specific  heat, 
and  if  there  is  internal  consistency  between  the  0D’s  from 
Eq.  (5)  and  from  Table  I,  then  it  can  reasonably  be  con¬ 
cluded  that  the  Debye  phonons  carry  heat  and  the  Ein¬ 
stein  modes  do  not. 

Consequently,  plots  of  In  A.  versus  1  1  were  constructed 
from  the  experimental  data  using  Eq.  (1)  in  two  ways:  (1) 
using  the  experimental  specific-heat  data  (i.e.,  Debye  plus 
Einstein  contributions),  and  (2)  using  only  the  Debye  con¬ 
tribution  to  the  specific  heat  via  the  Debye  temperatures 
in  Table  I.  In  constructing  these  plots,  the  data  for  p  and 
U  quoted  above  were  used,  but  we  note  that  these  data  do 
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FIG.  9.  Plots  of  the  temperature  dependence  of  the  phonon 
mean  free  paths  in  CsBr  and  Csl.  These  plots  were  constructed 
using  Eq.  (1)  and  the  thermal-conductivity  data  from  Fig.  4  (and 
from  Fig.  6  in  the  overlap  region)  and  specific-heat  data  from 
Fig.  1.  Similar  plots  were  constructed  using  just  the  Debye 
specific-heat  data  obtained  from  the  0D's  in  Table  I.  According 
to  the  Peierls  relation,  Eq.  (5),  the  slopes  of  the  linear  portions  of 
these  curves  are  simply  related  to  0p,  and  the  dashed  curves 
correspond  to  the  0O  values  shown.  Note  that  the  0O  value 
shown  for  Csl  agrees  well  with  the  calorimetric  value.  Table  II 
(also  see  text). 
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FIG.  10.  Phonon  mean-free-path  data  for  the  thalious 
halides,  analogous  to  the  Fig.  10  plot  for  the  cesium  halides. 
Note  that  the  &D  values  shown  for  TIBr  and  Til  agree  well  with 
the  calorimetric  values  in  Table  II. 

not  affect  the  0D  values  according  to  Eq.  (5).  Thermal- 
conductivity  data  at  the  higher  temperatures  on  both 
thick  and  thin  crystals  (Figs.  6  and  7)  were  used,  and  ex¬ 
amples  of  these  A.  plots  are  shown  in  Figs.  9  and  10  for 
the  cesium  and  thalious  halide  crystals,  respectively.  For 
these  plots,  the  Debye  plus  Einstein  specific  heats  were 
used,  and  at  the  higher  temperatures,  well  removed  from 
the  KxT1  region,  a  linear  InA.  versus  T~l  region  is 
reached  from  which  ®D  can  be  determined  according  to 
Eq.  (5).  The  results  of  these  linear-region  fittings  are 
summarized  in  Table  II. 

The  Table  II  data  reveal  some  interesting  contrasts:  (1) 
For  T1C1  and  CsBr,  there  is  excellent  agreement  with  the 
calorimetric  Qq’s  if  the  Einstein  modes  are  assumed  not 
to  carry  heat,  whereas  (2)  for  TIBr,  Til,  and  Csl,  the  ex¬ 
cellent  agreement  between  the  ©p’s  suggests  that  the  Ein¬ 
stein  modes  do  carry  heat  in  these  crystals.  The  latter 
agreement  is  probably  fortuitous  since,  if  non- Debye 
modes  carry  heat,  the  basic  assumptions  leading  to  Eq.  (5) 


TABLE  II.  Debye  temperatures  from  mean-free-path  fits. 


Crystal 

&o  (calorimetric)* 

(K) 

0o(D)b 

<K) 

e0(D+E)b 

(K) 

TIBr 

116 

135 

114 

T1C1 

120 

120 

106 

T1I 

103 

123 

103 

CsBr 

145 

148 

162 

Csl 

124 

144 

127 

‘Average  ®0’s  from  Schottky  and  Einstein  fits  to  cesium  halide 
data. 

*D,  Debye  specific  heat  only  used  in  Eq.  (1);  D  +E,  experimen¬ 
tal  specific  heat  used  in  Eq.  (1). 


TABLE  III. 

Boundary-scattering  mean 

free  paths. 

Crystal 

Minimum  crystal 
thickness  (cm) 

kc  (cm) 

TIBr 

0.145 

0.016 

TIBr 

0.049 

0.016 

T1C1 

0.155 

0.0084 

T1C1 

0.064 

0.0077 

Til* 

0.169 

0.0020 

CsBr 

0.172 

0.063 

CsBr 

0.064 

0.020 

Csl 

0.156 

0.032 

‘Fused  polycrystalline  sample. 


are  violated.  We  remark  in  this  regard,  however,  that  the 
Einstein  terms  make  such  a  large  contribution  in  the  tem¬ 
perature  ranges  involved  here  that  the  analyses  are  very 
sensitive  to  whether  the  D  or  D+E  contributions  are 
used  in  Eq.  (1). 

Returning  to  the  apparent  boundary-scattering  regions 
seen  in  the  thermal  conductivities  at  the  lowest  tempera¬ 
tures  in  Figs.  4—7,  we  shall  employ  Eq.  (1)  to  find  ke,  the 
limiting  phonon  mean  free  path  in  these  crystals.  The 
heat-carrying  modes  identified  above  are  assumed  to  be 
correct,  and  the  appropriate  specific  heats  are  used  in  Eq. 
(1).  The  average  sound  velocity  v  quoted  above  for  TIBr 
will  be  used  for  all  crystals  (see  below),  and  the  Schottky 
term  in  the  specific  heat  of  the  cesium  halides  is  assumed 
to  be  localized  (i.e.,  this  excitation  does  not  carry  heat). 
Using  smoothed  thermal-conductivity  data  in  the 
boundary-scattering  range,  Ac  data  were  determined,  and 
these  data  are  given  in  Table  III  compared  to  the  crystal 
thicknesses.  The  Table  III  data  demonstrate  a  marked 
contrast  between  the  cesium  and  thalious  halides:  For 
CsBr,  the  limit  ing  phonon  mean  free  path  kc  /3,  where 
d  is  the  crystal  thickness,  whereas  for  TIBr  and  T1C1, 
A.c  =0.016-0.008  cm,  respectively,  independent  of  d. 

IV.  DISCUSSION 

In  the  above  section,  specific-heat  data  at  constant  pres¬ 
sure  have  been  analyzed,  whereas  data  at  constant  volume 
are  more  suitable  for  comparisons  with  theories.  This 
correction  involves  the  thermal-expansion  coefficient  and 
the  adiabatic  compressibility,  and  estimates  of  this  correc¬ 
tion  by  Sorai26  show  that  it  is  smaller  than  the  experimen¬ 
tal  inaccuracy;  hence,  it  has  been  ignored  here. 

A.  Cesium  halides 

Specific-heat  data  on  CsBr  and  Csl  below  room  tem¬ 
perature  have  been  reported  by  several  authors  over  the 
following  temperature  ranges.  For  CsBr:  20— 300, 27 
1. 14-5.62, 2*  and  3-9  K.29  For  Csl:  2.1-10  K  (Ref.  30) 
and  30—100  K.  (Ref.  31).  Where  possible,  comparisons 
with  the  experimental  data  reported  here  are  very  good. 
However,  as  alluded  to  previously,  none  of  these  reported 
data  sets  spans  the  temperature  range  where  the  minimum 
in  00  is  pronounced. 

Some  of  the  above  measurements  on  CsBr  and  Csl  ex¬ 
tend  to  temperatures2®' 50  sufficiently  low  where  the 
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Schottky  term  reported  here  would  make  a  noticeable  con¬ 
tribution,  and  the  crystals  measured  are  reportedly  the 
same  quality  Harshaw  crystals  measured  here.  These  au¬ 
thors  (Refs.  28—30)  did  not  report  this  Schottky  term;  on 
the  other  hand,  they  did  not  look  for  it.  In  fact,  it  is  ap¬ 
parent  in  these  other  data  that  C/Ti  increases  with  de¬ 
creasing  temperature  at  the  lowest  temperatures,  as  in  Fig. 
1,  but  analyses  of  these  data  were  not  pursued. 

The  Debye  temperatures  for  CsBr  (145  K)  and  Csl  (124 
K)  reported  above  from  the  Schottky  and  Einstein  fittings 
are  in  good  agreement  with  the  ©p’s  at  T  —0  K  reported 
from  other  calorimetric  studies  and  from  elastic  constant 
measurements.  From  the  former  measurements,  0D 
values  of  150.9  K  iRef.  28)  and  127.7  K  (Ref.  30)  have 
been  reported  for  CsBr  and  Csl,  respectively.  From  elas¬ 
tic  constant  data,  0D’s  for  CsBr  of  149.0  K  (Ref.  32)  and 
148.8  K  (Ref.  33)  and  for  Csl  of  129.4  K  (Ref.  30)  have 
been  reported. 

Turning  to  theoretical  studies,  Karo  and  Hardy34  have 
published  detailed  calculations  of  the  frequency  distribu¬ 
tions  and  dispersion  curves  for  CsBr,  CsCl,  and  Csl  ac¬ 
cording  to  three  models:  the  rigid-ion,  polarization- 
dipole,  and  deformation-dipole  models.  These  authors 
present  curves  of  the  predicted  temperature  dependence  of 
the  effective  Debye  temperature  according  to  each  model, 
and  these  data  can  be  compared  directly  with  the  curves 
in  Fig.  3.  First,  these  lattice-dynamics  calculations  all  lo¬ 
cate  the  minima  in  the  0D's  for  CsBr  and  Csl  at  about  15 
K,  in  good  agreement  with  the  experimental  data.  The 
depth  of  these  minima  increase  upon  going  from  the 
rigid-ion  to  the  deformation-dipole  to  the  polarization- 
dipole  model,  and  for  both  CsBr  and  Csl  the  best  agree¬ 
ment  with  experimental  data  results  from  the 
deformation-dipole  model.  For  example,  the  predicted 
0D  minima  are  120  and  107  K,  compared  to  the  Fig.  3 
minima  of  120  and  102  K  for  CsBr  and  Csl,  respectively. 
From  the  limited  data  available  to  Karo  and  Hardy,  they 
also  concluded  tentatively  that  the  deformation-dipole 
model  appeared  to  give  the  best  representation  of  the  cesi¬ 
um  halides. 

As  mentioned  above,  the  Einstein-oscillator  model,  Eq. 
(3),  is  a  convenient  representation  of  the  maximum  in 
C/Ti  above  the  Debye  background,  and  can  be  thought 
of  as  reflecting  the  first  rapid  rise  in  the  density  of  states. 
Accordingly,  the  Einstein  frequencies  oje  in  Table  I  might 
be  expected  to  correspond  to  the  calculated  positions  of 
the  first  Van  Hove  singularities  in  the  frequency  distribu¬ 
tions  from  the  lattice-dynamics  models.  For  CsBr  and 
Csl,  Karo  and  Hardy34  report  these  calculated  positions  at 
about  5  THz—170  cm-1.  However,  from  Table  I  the 
oig'i  for  CsBr  and  Csl  are  smaller  by  a  factor  of  4.  As 
will  be  seen  below,  the  agreement  for  the  thallous  halides 
is  much  better. 

B.  Thallous  halides 

Turning  next  to  the  thallous  halides,  there  have  been 
fewer  reported  specific-heat  measurements  than  for  the 
cesium  halides:  Specific-heat  data  from  5  to  300  K  have 
been  reported  for  TlBr  (Ref.  35)  and  for  T1C1  and  Til 
(Ref.  36);  data  for  T1C1  from  15  to  310  K  have  also  been 


reported.37  As  with  the  cesium  halides,  complete 
specific-heat  data  in  the  neighborhood  of  the  minima  have 
not  previously  been  published.  The  specific-heat  data  re¬ 
ported  here  agree  well  with  published  data,  although  the 
latter  data  are  reported  at  such  widely  spaced  temperature 
intervals  that  detailed  comparisons  are  difficult. 

With  one  exception,  all  of  the  experimentally  deter¬ 
mined  Debye  temperatures  quoted  in  the  literature  for  the 
thallous  halides  come  from  elastic  constant  measure¬ 
ments:  For  T1C1,  both  Haussiihl38  and  Joshi  et  al.19  re¬ 
port  0p  =  125  K,  which  is  in  good  agreement  with  the  fit¬ 
ted  value  in  Table  I  <  1 20  K).  For  TlBr,  elastic  Debye  tem¬ 
peratures  of  132  K  :Ref.  2)  and  128  K  (Ref.  40)  have  been 
reported,  together  with  values  of  115  K  (Ref.  38)  and  114 
K  (Ref.  39),  which  are  in  better  agreement  with  the  Table 
I  value  (1 16  K).  From  calorimetric  measurements  above  5 
K,  Brade  and  Yates35  report  0fl  =  128  K  for  TlBr.  For 
Til,  no  quoted  Debye  temperatures  appear  in  the  litera¬ 
ture. 

Turning  to  lattice-dynamics  treatments,  Cowley  and 
Okazaki7  have  reported  a  detailed  study  of  TlBr  wherein 
the  normal  modes  of  vibration  were  measured  at  100  and 
300  K  using  neutron-scattering  methods  and  the  results 
were  fitted  to  various  rigid-ion  and  shell  models.  Accord¬ 
ing  to  a  shell  model  which  yielded  the  most  satisfactory 
agreement  with  the  neutron  data,  these  authors  derived  a 
curve  of  the  temperature  dependence  of  the  effective  De¬ 
bye  temperature  for  TlBr.  This  predicted  curve  demon¬ 
strated  a  minimum  in  0D  at  about  7  K  of  depth  87  K,  in 
excellent  agreement  with  the  experimental  data  in  Fig.  3. 
The  model  also  yielded  ®D  =  132  K  at  T —0  K,  which  is 
in  reasonably  good  agreement  with  the  value  reported 
here.  Of  particular  significance,  Cowley  and  Okazaki  re¬ 
port  a  first  rapid  rise  in  the  density  of  states  for  TlBr  at 
about  0.65  Thz  =22  cm-1,  in  excellent  agreement  with 
the  Einstein  frequency  in  Table  I. 

The  phonon  vibrational  frequencies  of  T1C1  have  been 
calculated  by  Kamal  and  Mendiratta41  using  a  shell 
model.  These  authors  report  a  minimum  in  the  effective 
0O  of  about  127  K  at  13  K,  which  is  significantly  dif¬ 
ferent  than  the  experimental  values  (Fig.  3)  of  76  K  at  5.4 
K.  However,  this  shell  model  predicts  the  first  rapid  rise 
in  the  density  of  states  at  about  6  THz  =  20  cm-1,  which 
agrees  reasonably  well  with  the  qje  for  T1C1  in  Table  I. 

Finally,  turning  to  the  new  thermal-conductivity  data 
on  these  halide  crystals,  it  has  long  been  recognized  that 
in  dielectric  crystals  the  critical  phonon  mean  free  path 
(A.e  above)  rarely  equals  the  actual  sample  dimension. 
Differences  are  commonly  ascribed  to  specular  versus  dif¬ 
fuse  phonon  scattering  at  crystal  boundaries,  and  scatter¬ 
ing  by  dislocations  has  been  extensively  studied.42  In  the 
annealed,  CsCl-type  crystals  measured  here  under  identi¬ 
cal  conditions,  the  Xe  values  for  CsBr  scale  approximately 
uniformly  with  the  crystal  dimensions  (Table  III),  whereas 
for  T1C1  and  TlBr,  the  Xc  values  are  ostensibly  crystal- 
dimension  independent.  It  is  admittedly  true  that  the  data 
in  Table  III  are  dependent  on  the  assignment  of  heat¬ 
carrying  modes,  as  discussed  above,  but  for  a  given  crystal 
these  qualitative  conclusions  are  independent  of  these 
mode  assignments.  It  is  also  true  that  the  average  sound 
velocity2  for  TlBr  has  been  used  for  all  crystals  in  arriving 
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at  the  Table  III  data;  however,  this  assumption  is  believed 
to  introduce  a  very  small  error,  and,  moreover,  does  not 
affect  the  conclusions  regarding  a  particular  crystal.  For 
example,  the  elastic  constant  data  for  Csl  (Ref.  30)  indi¬ 
cate  that  u  =  1.92  X  105  cm/sec,  a  value  within  5%  of  the 
value  used  above. 

The  picture  that  emerges  for  CsBr  and  Csl  is  that  al¬ 
though  boundary  scattering  is  clearly  indicated  by  the 
scaling  of  ke  to  the  crystal  dimension,  the  magnitude  of 
the  thermal  conductivity  is  reduced  by  the  hydroxyl  con¬ 
tent  inferred  from  the  Schottky  term  in  the  specific  heat. 

The  independence  of  \c  on  crystal  dimension  for  TIBr 
and  T1C1  may  be  due  to  the  “mosaic”  structure  within 
these  crystals.  That  is,  the  results  of  small-angle  x-ray- 
diffraction  studies  have  shown  that,  regardless  of  the  care 
in  growing  these  crystals,  there  always  exists  a  mosaic 
structure  such  that  a  mosaic  spread  of  about  0.2  °— 0.3°  is 
found  in  these  crystals  regardless  of  composition." 43 
Moreover,  the  physical  dimension  of  these  mosaics  is  re¬ 
portedly  ~0.0l  cm,  a  value  which  agrees  well  with  the 
critical  mean  free  paths  for  TIBr  and  T1C1  in  Table  III. 


V.  CONCLUSIONS 

A  large  amount  of  new  thermal  data  for  certain  cesium 
and  thallous  halides  between  1.7  and  20  K  has  been 
presented.  Specific-heat  data  have  been  compared  with 
existing  lattice-dynamics  models,  where  possible,  and  it  is 
perhaps  significant  that  only  in  the  case  of  TIBr,  where 
neutron-scattering  data  are  available,  is  there  satisfactory 
agreement  between  the  experimental  and  predicted 
behavior  of  the  effective  Debye  temperature.  Fitted 
values  of  the  Debye  temperatures  at  T -*0  K  are  present¬ 
ed,  and  these  values  compare  favorably  with  literature 
values.  Minima  in  the  effective  Debye  temperature  are  re¬ 
flected  in  maxima  in  C/T3,  and  these  maxima  can  be  fit¬ 
ted  very  accurately  with  a  single  Einstein-oscillator  term. 
For  TIBr  and  T1C1,  the  resulting  Einstein  frequencies 
agree  very  well  with  the  positions  of  the  first  Van  Hove 
singularities  in  the  density  of  states,  as  predicted  by  vari¬ 


ous  lattice-dynamics  models.  For  CsBr,  the  correspond¬ 
ing  agreement  is  poor. 

The  specific-heat  data  reported  here  represent  the  first 
complete  set  of  data,  to  our  knowledge,  measured  on  the 
cesium  and  thallous  halides  in  the  temperature  range  of 
the  minima  in  the  effective  Debye  temperatures,  and  it  is 
hoped  that  these  data  may  stimulate  refinements  of  the 
lattice-dynamics  models. 

A  Schottky  term  in  the  specific  heats  of  CsBr  and  Csl 
at  the  lowest  temperatures  has  been  resolved  and  tenta¬ 
tively  attributed  to  OH-  ions  occupying  halogen  sites,  by 
analogy  with  OH-  ions  in  NaCl-type  crystals.  Adopting 
the  zero-field  splitting  for  KCl:OH,  the  Schottky  terms  in 
these  cesium  halides  yield  hydroxyl-ion  concentrations 
that  are  comparable  to  the  concentrations  found  in  NaCl- 
type  crystals. 

The  thermal-conductivity  data  reported  here  for  the 
cesium  halides  are  understandable  in  a  straightforward 
fashion:  The  heat-carrying  modes  are  identified  in  a  self- 
consistent  fashion  from  analyses  of  the  temperature 
dependence  of  the  phonon  mean  free  path  using  the 
specific-heat  data,  and  in  the  apparent  boundary- 
scattering  region  the  limiting  mean  free  path  is  about 
one-third  of  the  crystal  thickness.  The  magnitude  of  the 
thermal  conductivity  of  the  cesium  salts  at  the  lowest 
temperatures  is  alleged  to  be  uniformly  reduced  by  the  hy¬ 
droxyl  content.  The  heat-carrying  modes  are  similarly 
identified  in  the  thallous  halide  crystals,  but  in  the 
boundary-scattering  region  the  limiting  mean  free  path  is 
determined  by  a  mosaic  structure  within  the  crystals  rath¬ 
er  than  the  crystal  dimensions.  No  evidence  is  found  for 
appreciable  hydroxyl  contents  in  the  thallous  halides. 
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INTRODUCTION 


This  is  the  first  in  a  series  of  reports  devoted  to  the  thallous 
and  cesium  halides,  which  in  previous  programs  have  been  labelled  as 
SC-2  and  SC-3  materials,  respectively  (here  "SC"  means  superconductor 
coating).  These  materials  are  of  practical  interest  as  dielectric 
insulations  for  superconductors  owing  to  their  very  large  specific  heats 
and  thermal  conductivities  at  low  temperatures.  Indeed,  in  one  of  the 
previous  programs,*  about  5m  of  NbTi  wire  was  coated  with  TjiCi.  in  a 
continuous  hot-extrusion  process. 

Hi storical ly,  the  fundamental  thermal  properties  of  the  thallous 
and  cesium  halides  at  low  temperatures  were  measured  on  single  crystals 
by  the  author  in  unsupported  research,  and  subsequent  sponsored  re- 
search*‘3  was  based  on  these  original  measurements.  Specifically,  an 
Air  Force  program*  incorporated  these  materials  in  studies  of  dielectric 
insulations  for  superconductors;  a  Jet  Propulsion  Lab  program2  was 
devoted  to  studying  mixtures  of  thallous  halides  as  regenerator-matrix 
materials;  and  a  National  Bureau  of  Standards  program-^  was  devoted  to  i n 
si tu  studies  of  practical  regenerators  loaded  with  extruded  rods  of  a 
certain  mixture  of  thallous  halides. 

Therefore,  a  considerable  amount  of  new  low-temperature  data  has 
been  measured  on  single  crystals  of  these  halides  (including  mixtures), 
but  these  data  have  neither  been  analyzed  nor  published  in  the  scientifi 
literature.  The  present  AFOSR  program  affords  us  the  opportunity  to  do 
both. 

The  purpose  of  this  first  report  is  to  collect  the  considerable 
amount  of  data  measured  on  the  thallous  and  cesium  halides.  Subsequent 
reports  will  deal  with  analyses  of  these  data  using  simple  models  and 
with  a  literature  survey  on  these  materials. 


EXPERIMENTAL  DATA  -  THALLOUS  HALIDES 

The  JtCi  and  TiBr  materials  are  cubic  CsCi-type  structures 
available  in  single-crystal  form  from  Harshaw  Chemical.  TU  is 
available  only  in  fused,  polycrystall ine  form  with  a  double- layered 
orthorhombic  structure  (at  room  temperature) . 

The  specific  heats  of  these  thallous  halides  were  measured  in  the 
calorimeter  reported  previously.4  As  a  percentage  of  the  total  heat 
capacity,  the  addenda  contribution  in  these  measurements  was  as  follows: 
TjiCi,  <  9%;  TiBr,  <  9%;  and  Til,  <  8%. 

Specific  heat  data  for  these  halides  are  shown  in  Fig.  1  where  the 
data  are  plotted  as  C/T3  to  illustrate  the  non-Debye  behavior.  A 
maximum  in  C/T3  indicates  a  significant  specific-heat  contribution  from 
a  low-lying  vibrational  mode,  and  TiCi  is  especially  noteworthy  in  this 
respect  as  C/T3  varies  by  more  than  a  factor  of  three  between  2-10  K. 

Pursuing  this  further,  the  TlCl  crystal  in  Fig.  1  was  also  measured 
under  an  applied  electric  field  of  13.6  kV/cm,  and  as  seen  in  Fig.  1  the 
specific  heat  of  TiCi  is  E-field  independent  in  the  neighborhood  of  the 
maximum  in  C/T3.  The  purpose  of  this  E-field  measurement  was  to  invest¬ 
igate  the  nature  of  the  low-lying  mode  responsible  for  the  C/T3  maximum 
(i.e.,  an  optic  mode  is  expected  to  be  E-field  dependent). 

Thermal  conductivity  data  were  measured  on  bar  samples  of  the  three 
thallous  halides  (approx,  cross  section  area,  0.16  x  0.5  cm2).  Owing  to 
the  large  thermal  conductivities  of  these  materials  (see  Fig. 2),  the 
"two  heater-one  thermometer"  method  of  measuring  thermal  conductivity 
was  employed.  In  this  method,  a  thermometer  is  attached  to  the  free  end 
of  the  bar  and  two  heaters  are  attached  to  the  bar  at  separate 
locations.  First  one,  and  then  the  other,  heater  is  activated  by  a 
heater  current,  and  if  the  heater  power  is  maintained  the  same  in  the 
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two  heaters,  the  thermal  conductivity  is  obtained  from  the  temperature 
difference  at  the  free  end  of  the  bar.  The  advantage  of  this  technique 
resides  largely  in  the  fact  that  only  one  thermometer  calibration  is 
involved,  since  for  large  thermal  conductivity  materials,  small  aT's  are 
usually  involved. 

Measured  thermal  conductivity  data  on  the  three  thallous  halides  are 
shown  in  Fig.  2,  and  for  TzBr  and  JiCi  data  points  are  also  shown  from  a 
duplicate  run.  The  data  for  the  T£Br  and  TzCz  crystals  are  practically 
identical  in  Fig.  2  (note  different  scales),  whereas  the  data  for 
polycrystalline  TU  are  somewhat  depressed.  All  three  halides  approach 
the  T3  boundary-scattering  limit  at  the  lowest  temperatures,  as 
indicated  in  Fig.  2. 

The  T3  limits  in  Fig.  2  are  puzzling  at  first  sight,  for  the 
following  reason:  One  expects  that 

K  *  Cvxp/3  (1) 

where  C  is  the  specific  heat'  v  the  average  sound  velocity,  x  the 
(dominant)  phonon  mean  free  path,  and  p  the  density.  The  K  «  T3  limit 
follows  directly  from  Eq.  (1):  At  sufficiently  low  temperatures,  C  «  T3 
and  x  -  d,  the  smallest  sample  dimension.  For  sound  velocities, 
v  ~  2  x  105  cm/sec,  and  for  TzBr,  d  ~  0.2  cm,  p  =  7.453,  and  C  ~  7.8  x 
103  erg  g-1  K"*  from  Fig.  1.  Consequently,  from  Eq.  (1)  one  expects 
K  ~  50  W  cm-*  K_1,  whereas  the  experimental  data  are  about  25  times 
smaller  than  this  value.  Stated  differently,  the  very  large  specific 
heats  of  the  thallous  halides  (Fig.  1)  indicate  that  very  large  thermal 
conductivities  should  be  attained  given  the  sample  dimensions  involved 
and  the  sound  velocities  usually  found  in  solids. 

To  address  this  problem,  the  thermal  conductivities  of  thin  samples 
of  TiCi  and  TiBr  were  measured.  For  TiZi,  thin  bars  (0.64  x  0.64  mm^, 
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cross  section)  were  cut  from  the  crystal  on  a  diamond  saw  using  oil. 

For  TzBr,  thin  fibers  (0.49  mm  diameter)  were  obtained  from  Harshaw 
Chemical  Co.  The  bars  and  fibers  were  annealed  for  24  hours  at  350°C  in 
grafoil  and  a  thermal -conductivity  sample  was  constructed  by  loading 
about  25-30  bars  (or  fibers)  into  a  thin-walled  plastic  straw  for 
mechanical  support.  Actually,  sections  of  a  straw  were  used  to  allow 
gaps  for  winding  the  two  heaters  (see  above). 

The  results  of  these  thin- sample  thermal  conductivity  measurements 
on  TiCi  and  TtBr  are  shown  in  Fig.  3  where  the  bulk  data  from  Fig.  2  are 
also  shown.  The  data  for  both  crystals  converge  above  ~  7  K  which  lends 
credence  to  the  experimental  techniques.  The  data  also  converge  at  the 
lowest  temperatures  and  approach  the  same  T^  limit,  indicating  that  the 
actual  boundary  scattering  in  these  crystals  is  due  to  some  entity 
within  the  crystal  rather  than  the  crystal  dimensions. 

Finally,  the  thermal  properties  of  the  UBr  and  T&Ci  crystals  were 
measured  in  intense  magnetic  fields  at  low  temperatures. 

Specific  heat  data  were  measured  on  the  two  crystals  by  a 
cal ibrated-wi re,  transient  method  employing  capacitance  thermometry ,5 
and  in  the  temperature  range  3-13  K  it  was  found  that  the  specific  heats 
were  H-field  independent  up  to  5T  to  within  ±  5%  of  the  zero-field 
specific  heats. 

For  thermal  conductivity  measurements  in  magnetic  fields,  the  "two 
heater-one  thermometer"  method  was  employed  in  a  way  that  yielded 
relative  data  under  isothermal  conditions.  The  copper  reservoir  (to 
which  the  samples  were  attached)  was  temperature-controlled,  and  the 
heaters  on  the  samples  were  wound  bifilarly  to  cancel  inductive  effects 
(the  heater  wire  was  manganin  which  has  a  negligible  magnetoresistance). 
A  capacitance  thermometer  was  attached  to  the  free  end  of  the  crystal. 
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At  zero  field,  the  heater  power  was  determined  to  give  a  favorable 


aT  (aT/T  ~  2$),  and  the  thermometer  reading  with  the  lower  heater 
activated  was  noted.  Under  an  applied  field,  the  set  point  of  the 
controller  was  adjusted  to  give  the  same  thermometer  reading  with  the 
same  power  applied  to  the  lower  heater.  With  the  same  power  applied  to 
the  upper  heater,  the  aT  was  measured,  and  in  this  fashion  thermal 
conductivity  data  were  measured  under  essentially  isothermal  conditions 
relative  to  the  zero-field  value. 

These  thermal  conductivity  data  for  TzBr  and  TzCz  are  shown  in 
Fig.  4  at  various  H-fields  up  to  12.5T.  At  each  field  level,  between  4 
and  8  points  were  taken,  and  the  error  bars  in  Fig.  4  reflect  the  spread 
in  the  data. 

The  Fig.  4  data  indicate  a  negative  slope  for  TiBr  (dznK/dH  *  -  0.47$ 
T_1)  and  a  positive  slope  for  TzCz  (*  +  0.61$  T-1).  The  samples  and 
measuring  conditions  here  were  identical  (the  two  crystals  were  measured 
in  the  same  run),  and  the  fact  that  the  two  crystals  behave  oppositely 
suggests  that  the  effects  are  real . 


EXPERIMENTAL  DATA  -  CESIUM  HALIDES 

The  cesium  halides  also  have  CsCi-type  crystal  lattices,  and  single 
crystals  of  CsBr  and  Csl  from  Harshaw  were  studied  (CsC*.  proved  too 
hygroscopic  for  reliable  measurements).  The  measurement  methods 
discussed  above  for  the  thallous  halides  were  also  used  for  these  cesium 
halides.  In  the  specific  heat  measurements  the  addenda  contributed  <  5$ 
for  CsBr,  <  4$  for  Csl,  as  a  percentage  of  the  total  heat  capacity. 

Specific  heat  data  measured  from  1.7  to  20  K  on  CsBr  and  Csl  are 
shown  in  Fig.  5  plotted  as  C/T^.  The  cesium  halides  also  display  maxima 
in  C/T^,  and,  as  with  the  thallous  halides,  the  C/T^  maxima  are  about 
twice  as  large  as  what  might  be  judged  as  the  Debye  background. 
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However,  the  C/T^  maxima  for  the  cesium  salts  are  about  2-3  times 
smaller  than  the  corresponding  maxima  in  the  thallous  salts  (Fig.  1). 

In  contrast  to  the  thallous  halides,  the  cesium  halides  in  Fig.  5 
display  increases  in  C/T^  with  decreasing  temperature  below  about  3  K. 
These  latter  data  follow  a  T-2  Schottky  term  very  well,  as  shown  in  the 
inset  in  Fig.  5.  We  shall  return  to  a  discussion  of  this  Schottky  term 
in  a  subsequent  report. 

Thermal  conductivity  data  measured  by  the  two  heater-one  thermo¬ 
meter  method  on  CsBr  and  Csl  crystals  are  shown  in  Fig.  6.  As  with  the 
thallous  halides,  the  data  display  the  T^  boundary  scattering  limit  at 
the  lowest  temperatures.  It  is  interesting  to  note  that  Csl  displays  a 
remarkably  large  thermal  conductivity  maximum  at  6  K,  »  7  W  cm"!  K”l. 

Boundary  scattering  in  CsBr  was  pursued  further  by  measuring  thin 
bars  (0.64  x  0.64  mm2  cross  section)  cut  from  the  original  crystal 
(Csl  proved  too  brittle  to  cut).  The  CsBr  bars  were  annealed  at  400  C 
for  24  hours  in  grafoil  and  measured.  These  thin-section  thermal 
conductivity  data  for  CsBr  are  shown  in  Fig.  7  where  the  bulk  data  from 
Fig.  7  are  reproduced. 

In  contrast  to  TtBr  and  TjiCt  (Fig.  3),  reducing  the  thickness  of 
the  CsBr  crystal  has  a  dramatic  effect  on  the  boundary  scattering,  as 
seen  in  Fig.  7.  The  data  above  about  10  K  are  in  reasonably  good  agree¬ 
ment  (~  ±  10%).  The  T^  limit  is  approached  at  the  lowest  temperatures  a 
indicated  in  Fig.  7. 

The  data  in  the  T^  regime  of  Fig.  7  are  in  reasonably  good  agree¬ 
ment  with  the  predictions  of  Eq.  (1).  For  example,  at  2  K,  C  *  500  erg 
g-l  K-l  (Fig.  5),  p  *  4.44,  v  ~  2  x  105cm/sec,  and  for  the  thin  bars 
X  »  0.06  cm,  and  from  Eq.  (1)  K  ~  0.8  W  cnr1  K_1  which  agrees  with  the 
experimental  value  (Fig.  7)  within  a  factor  of  two. 


Finally,  we  report  an  interesting  measurement  of  the  thermal 
conductivity  of  CsBr  in  intense  magnetic  fields  using  the  two  heater-one 
thermometer  method  (capacitance  thermometer)  described  above.  These 
data  are  shown  in  Fig.  8  (T  *  10.45  K),  and  the  thermal  conductivity 
display  a  maximum  at  ~  9T,  and  the  height  of  the  maximum  is  33%  larger 
than  the  zero-field  value. 

The  experimental  data  in  Fig.  8  were  measured  under  identical 
condi tons  as  the  data  in  Fig.  4  and  about  six  measurements  were  made  at 
each  H-field.  The  error  bars  in  Fig.  8  reflect  the  spread  in  the  data 
at  each  field  level,  and  the  noise  conditions  were  very  favorable.  The 
uncertainty  in  the  temperature  in  Fig.  8  (±  40m  K)  is  far  too  small  to 
explain  the  anomaly  in  the  thermal  conductivity  of  CsBr  at  ~  9T. 

DISCUSSION 

Analyses  of  these  experimental  data  for  the  thallous  and  cesium 
halides  in  zero  magnetic  field  will  concentrate  on  two  areas:  (1)  The 
nature  of  the  low-lying  vibrational  modes  causing  the  maxima  in  C/T3; 
the  E-field  measurement  on  TzCz  in  Fig.  1  suggests  acoustic  modes;  and 
(2)  The  nature  of  the  phonon  mean  free  paths  in  these  materials.  This 
latter  problem  also  bears  on  which  modes  carry  heat;  i.e.,  do  the  low- 
lying  modes  that  dominate  the  specific  heat  also  contribute  to  the 
thermal  conductivity. 

The  effects  of  intense  magnetic  fields  on  the  thermal  conductivi¬ 
ties  at  low  temperatures  appear  to  be  real  effects.  The  data  in  Fig.  4 
are  particularly  convincing  as  the  effects  in  TtBr  and  TzCz  behave 
opposi tely.  Going  further,  the  data  in  Fig.  4  appear  to  have  an 
oscillatory  behavior,  and  this  observation  is  lent  some  credence  by  the 
data  in  Fig.  8  on  CsBr  which  were  measured  under  essentially  noise-free 


conditions  (note  that  the  dramatic  effect  in  Fig.  8  has  an  amplitude 
about  an  order  of  magnitude  1  arger  than  the  uncertainly  in  the  data). 

These  magnetothermal  effects  require  a  coupling  mechanism  between 
the  magnetic  field  and  the  phonon  field  via  an  intermediate  agent 
(nuclear  spin?).  Measurements  of  the  dielectric  constant  in  intense 
fields  would  be  interesting  as  the  (static)  dielectric  constant  is 
simply  related  to  phonon  frequencies  through  the  Lyddane-Sachs-Tel ler 
relation.  * 

The  data  in  Fig.  8  should  be  repeated.  Also,  the  specific  heat  of 
CsBr  should  be  measured  in  intense  fields,  as  the  data  in  Fig.  8 
indicate  significant  effects  on  the  specific  heat  near  9T  from  Eq.  (1). 
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INTRODUCTION 


This  is  the  second  in  a  series  of  reports  devoted  to  the  thallous 
and  cesium  halides.  In  the  first  report,  all  of  the  experimental  data 
measured  to  date  on  these  halides  was  collected,  including  thermal  - 
property  data  measured  in  intense  magnetic  fields  up  to  12.5  T.  With 
the  exception  of  Til ,  all  of  the  halides  measured  were  single  crystals. 

The  salient  experimental  findings  are  summarized  below: 

1.  For  all  halides,  the  specific  heat  is  significantly 
non-Debye,  C/T3  displaying  maxima  in  the  range  5-15K  which  are 
~  2-5  times  larger  than  the  apparent  Debye  backgrounds. 

2.  In  contrast  to  the  thallous  halides,  the  cesium  halides 
display  a  Schottky-1 ike  excitation  at  the  lowest  temperatures 
in  that  C/T3  rises  sharply  with  decreasing  temperature  below 
about  3  K. 

3.  For  bulk  samples,  the  thermal  conductivities  of  all  the 
halides  display  T3  boundary  scattering  below  about  3-4  K.  For 
thin  samples  (~  0.5mm  thickness),  the  thermal  conductivity  of 
CsBr  is  suppressed  in  the  T3  region,  as  expected,  but  the 

are  not. 

4.  Although  the  specific  heats  of  TiCi  and  TjtBr  are  unaffected  by 
Intense  magnetic  fields,  the  thermal  conductivities  of  these 
crystals  are  changed  by  intense  fields  but  in  opposite  ways. 
The  effects  are  relatively  small,  dinK/dH  *  -0.47  and  +  0.61% 
T_1  for  TzBr  and  TiCz.  respecti vely . 
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5.  In  contrast  to  the  thallous  halides,  the  thermal  conductivity 
of  CsBr  in  Intense  magnetic  fields  displays  a  large  maximum 
at  ~  9T.  The  effect  here  is  significant:  The  change  In  K 
between  zero  field  and  9T  is  33%.  The  effect  of  Intense 
magnetic  fields  on  the  specific  heat  of  CsBr  has  not  yet  been 
measured. 

The  purpose  of  this  report  is  to  present  analyses  of  the  zero- 
magnetic-  field,  thermal -properties  data  for  these  halides  according  to 
simple  models.  More  experimental  work  is  called  for  on  the  magnetic- 
field-dependent  properties;  these  experiments  are  In  progress  and  will 
be  reported  in  subsequent  report. 

DATA  ANALYSES  -  SPECIFIC  HEATS 

The  large  and  dominating  maxima  In  C/T3  for  the  thallous  and 
cesium  halides  are  reminiscent  of  similar  maxima  found  universally  In 
amorphous1  and  ferroelectric2  solids.  Such  phenomena  have  been  describ¬ 
ed  by  a  single  Einsteln-oscil lator  term  added  to  the  Debye  background,2 

C  *  3nRD(T/eD)  +  3Rrx2ex  (ex-I)"2,  x  *  e^/T  (1) 

where  n  is  the  number  of  atoms  per  formula  weight,  D(T/eD )  is  the  Debye 
function  where  6q  Is  the  Debye  temperature,  r  is  the  number  of 
(dispersionless)  Einstein  oscillators  per  formula  weight,  and  Is  the 
Einstein  temperature.  The  form  of  Eq.  (1)  is  common  in  analyzing 
specific  heat  data,  and  generally  If  one  has  Information  on  low-lying 
modes  from  Raman  data,  these  frequencies  are  used  in  Eq.  (1)  by  adding 
appropriate  Einstein  terms.  For  the  case  of  a  single  Einstein  term,  it 
is  straightforward  to  show  from  Eq.  (1)  that  in  the  D ( T/6q )  «  T3  region, 


C/T3  will  have  a  maximum  at  a  temperature  Tmax  »  u^/3  where  ui£  Is  the 
Einstein  frequency  (In  cm“U. 

The  specific  heat  data  for  the  thallous  and  cesium  halides  were 
fitted  to  Eq.  (1)  using  a  three-level  fitting  scheme  (for  eg,  e^,  and  r) 
which  Incorporated  a  tabulation  of  the  Debye  function.3  For  the 
thallous  halides,  the  data  from  2-20  K  were  fitted.  For  the  cesium 
halides,  the  C/T3  data  Increase  with  decreasing  temperature  below  3  K 
(see  Fig.  3)  Indicating  a  separate  excitation.  Consequently,  the 
cesium  halide  data  between  4  and  20  K  were  fitted  to  Eq.  (1)  because, 
as  is  evident  from  Fig.  3,  the  lower  temperature  excitation  appears  not 
to  contribute  above  about  4  K  (see  below  also). 

The  fitted  data  according  to  Eq.  (1)  for  the  thallous  and  cesium 
halides  are  shown  in  Figs.  1  and  2,  respectively.  The  data  In  these 
figures  are  plotted  according  to  the  T  <<  eE  form  of  Eq.  (1),  and  this 
imparts  a  curvature  to  the  data  at  the  higher  temperatures.  In  these 
figures  Cex  Is  the  excess  specific  heat,  Cex  *  CeXp  -  Cgebye.  and  excel¬ 
lent  fits  to  the  data  are  obtained  over  several  orders  of  magnitude  In 
T2Cex/3R.  The  correlation  coefficients  for  these  fits  varied  from 
98.7%  for  TiCi  to  99.6%  for  Csl,  and  the  fitted  parameters  are  given  in 
Table  I.  Also  listed  in  Table  I  Is  the  ratio  of  the  number  of  Einstein 
modes,  Ng,  to  Debye  modes,  Ng,  given  by*4 


Ne/Nq  «  r(eg/e£)3- 


(2) 


Fitting  Parameters,  Einstein  Fits 


Crystal 

60(K) 

eE(K) 
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r 
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TtCt 

120.4 

26.14 

18.17 

0.2387 

23.31 

TiBr 

115.7 

31.34 

21.78 

0.2509 

12.64 

Til 

103.2 

33.97 

23.61 

0.3533 

9.89 

CsBr 

143.2  | 

60.09 

41.76 

0.3314 

4.49 

Csl 

122.7  | 

56.36 

39.17 

0.3972 

4.10 

The  Debye  contribution  to  the  specific  heat  can  be  estimated 
directly  from  the  Debye  temperatures  in  Table  I  and  compared  to  the 
experimental  specific  heat  at  the  maximum  in  C/T3.  When  this  is  done 
it  is  found  that  the  Debye  contribution  varies  from  25.0%  for  TiCt  to 
63.8%  for  Csl.  Thus,  the  Einstein  modes  dominate  the  specffic  heats  in 
these  halides,  and  this  can  also  be  seen  in  the  NE/ND  values  in  Table  1. 

A  similar  dominance  has  been  observed  in  the  hexagonal  tungsten  bronzes4 
and  ferroelectrics.2 

It  has  recently  been  pointed  out  by  Pederson  and  Brewer5  that  a 
linear  relationship  exists  between  6q  and  the  reduced  mass  for  cubic 
crystals,  and  indeed  the  Debye  temperatures  in  Table  I  do  follow  this 
relationship  for  the  thallous  and  cesium  halides. 

The  number  of  Einstein  oscillators  per  formula  weight,  r  in  Table 
I,  are  quite  large  and  this  rules  out  an  Impurity  effect.  For  the  Cs 
halides,  the  Einstein  frequencies  u)E  scale  exactly  with  u-i  ,  where  u  is 
the  reduced  mass.  For  the  thallous  halides,  however,  the  frequencies  u>E 
in  Table  I  do  not  scale  well  with  any  function  of  the  masses  of  the 
thallous  and  halogen  ions,  although  there  is  a  general  tendency  for  to 


scale  with  the  mass  of  halogen  ion.  These  findings  suggest  that  the  low- 
lying  excitation  responsible  for  the  Einstein  contribution  is  different 
in  the  cesium  halides  compared  to  the  thallous  halides. 

The  cesium  halides  display  another  non-Debye  contribution  to  the 
specific  heat  below  about  3  K  as  seen  In  Fig.  3.  Various  specific  heat 
functionals  were  tried  in  attempts  to  fit  these  data,  and  excellent  fits 
were  found  to  the  high-temperature  form  of  the  Schottky  term, 

cexp  =  mT3  +  n'R909i  ( 90+9i  )-2  (6A)2  (3) 

where  the  T3  term  is  the  Debye  contribution,  n'  are  the  number  of  excita¬ 
tions  per  formula  weight,  6  is  the  level  splitting  (of  a  two-level 
system),  and  g0 ,  gx  are  the  degeneracies  of  the  system.  We  have  no 
reason  to  select  a  two-level  system;  what  is  important  is  the  T-2 
temperature  dependence  which  Is  common  to  the  general  Schottky  term. 

The  data  below  3  K  for  CsBr  and  Csl  are  plotted  according  to  Eq. 

(3)  in  the  inset  in  Fig.  3,  and  satisfactory  fits  are  obtained.  Assuming 
g0  *  gx  and  n'  =  1  in  Eq.  (1)  (the  latter  assumption  puts  an  upper  limit 
on  <5),  the  fitted  parameters  are  given  in  Table  I  where  6q  is  obtained 
from  m  in  Eq.  (3). 

Table  II 

Fitting  Parameters,  Schottky  Fits 
Crystal  eD(K)  6(nK) 


The  similarity  of  the  level  splittings  s  in  Table  II  indicates  that  the 
same  mechanism  is  responsible  for  these  low-lying  excitations  in  both 
CsBr  and  Csl.  The  agreement  between  the  Debye  temperatures  in  Tables  I 
and  II  Is  satisfactory:  CsBr,  144.6  ±  0.97%  K;  Csl,  123.9  ±  0.97  K. 

These  variations  in  the  Debye  temperatures  translate  into  uncertainties 
in  C/T3  of  t  2.9%,  which  are  commemsurate  with  the  experimental  inac¬ 
curacies.  Finally,  the  fitted  parameters  in  Tables  I  and  II  show  that 
the  Schottky  term  makes  a  negligible  contribution  in  the  fitting  tempera¬ 
ture  range  of  the  Einstein  term,  and  vice  versa. 

It  is  difficult  to  identify  the  mechanism  responsible  for  the 
Schottky  excitation  in  the  cesium  halides  which  is  missing  in  the 
thallous  halides.  Such  excitations  have  been  seen  previously  in 
crystalline  insulators  and  attributed  to  the  interaction  of  electric 
quadrupole  moments  with  local  electric-field  gradients.6  However,  in 
these  cubic  CsCt  lattices  there  are  no  such  gradients.  An  impurity 
effect  (e.g.,  Fe3+)  may  be  responsible,  but  the  manufacturer  of  the 
crystals  believes  that  the  kind  and  amounts  of  impurities  in  the  cesium 
and  thallous  halides  should  be  comparable.  Alternately,  the  cesium 
haldies  are  far  more  hygroscopic  than  the  thallous  halides,  and  it  is 
well-known  that  hydroxyl  groups  in  alkali  halides  give  rise  to  Schottky 

y 

specific  heat  contributions  at  low  and  very  low  temperatures. 

DATA  ANALYSES  -  THERMAL  CONDUCTIVITIES 

There  are  two  questions  to  address  regarding  the  thermal  conducti¬ 
vities  of  the  thallous  and  cesium  halides:  (1)  Do  the  Einstein  modes 
carry  heat,  and  (2)  What  is  the  nature  of  boundary  scattering  in  these 
crystal  s. 
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The  former  question  deserves  special  consideration  since,  as  seen 
above,  the  Einstein  terms  dominate  the  specific  heats  of  these  halides  at 
low  temperatures.  In  applying  the  perfect-gas  approximation, 
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■  3  C  vpx. 


(4) 


only  those  specific-heat  contributions  from  heat-carrying  modes  can  be 
used  in  Eq.  (4),  where  v  is  the  average  sound  velocity,  p  is  the  density, 
and  x  is  the  mean- free  path  of  the  dominant  phonon. 

To  investigate  the  heat-carrying  phonons,  we  adopt  the  well-known 
result  due  to  Peierls,8 


x 


xo  e 


e0/2T 


(5) 


which  has  been  verified  In  several  dielectric  crystals.  This  relation 
does  not,  of  course,  pertain  to  the  boundary  scattering  region. 
Combining  Eqs.  (4)  and  (5), 
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so  that  the  scheme  involves  examining  whether  the  total  specific  heat 
(Debye  +  Einstein)  or  the  Debye  specific  heat  yields  the  correct  eo  from 
Eq.  (6)  when  combined  with  the  experimental  thermal  conductivity  data  at 
temperatures  above  the  boundary  scattering  region. 

For  calculation  purposes,  the  average  sound  velocity  reported  by 
Morse  and  Lawson9  for  TtBr  was  adopted  for  all  the  halides,  v  =  1.82xl05 
cm/sec,  and  the  densities  of  the  crystals  are:  TtBr,  7.557;  TiCi,  7.000; 
Til,  7.090;  CsBr,  4.440;  and  Csl,  4.526  [note  that  these  parameters  enter 
the  pre-exponential  factors  in  Eq.  (6)].  Examples  of  the  x  vs.  T"1  plots 
for  the  thallous  and  cesium  haldies  are  shown  in  Figs.  4  and  5, 


respectively.  These  plots  were  generated  using  smoothed  thermal  conduc¬ 
tivity  and  specific  heat  data  where  the  total  specific  heat  data  were 
used.  The  plots  are  linear  for  T  ~  10  K,  and  this  agrees  with  the  temp¬ 
erature  range  for  TzBr,  TiCi,  and  CsBr  where  the  thick-and  thin-sample 
thermal  conductivity  data  converge.  For  these  latter  crystals,  both  sets 
of  K-data  were  used  above  10  K  to  construct  the  plots  in  Figs.  4  and  5. 

From  the  linear  portions  of  the  plots,  op-values  were  found  by 
least-squares  fits,  and  these  values  are  shown  in  Figs.  4  and  5.  The 
results  of  these  studies  are  summarized  in  Table  III. 


Table  III 

Debye  Temperatures  from  Mean-Free-Path  Studies 


Crystal 

ep  (calor. )(a^ 

60(D) ( b> 

6D ( D+E )  ( b ) 

TtBr 

116 

135 

114 

TiCi 

120 

120 

106 

Til 

103 

123 

103 

CsBr 

144.6 

148 

162 

Csl 

124 

144 

127 

(a)  From  specific  heat  data.  Tables  I  and  II 

(b)  o  *  Debye  specific  heat  only  used  in  Eq.  (6);  D+E  *  Total  specific 
heat 

The  Table  III  data  reveal  some  interesting  contrasts:  (1)  For  TiCi 
and  CsBr,  there  is  excellent  agreement  with  the  calorimetric  op's  if  the 
Einstein  modes  are  assumed  not  to  carry  heat,  whereas  (2)  For  TzBr,  Til, 
and  Csl,  the  excellent  agreement  between  ep  (calor.)  and  e d (D+E )  suggests 


-\ . 
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that  the  Einstein  modes  carry  heat  in  these  crystals.  We  remark  that  the 
analyses  can  discriminate  easily  between  eo(D)  and  epCD+E)  in  Table  III 
because  the  Einstein  term  makes  a  large  contribution  to  the  specific  heat 
above  10  K,  particularly  In  the  case  of  the  cesium  halides. 

Strictly  speaking,  the  Peierls  relation  Eq.  (5)  assumes  that  the 
Debye  phonons  are  the  dominant  heat  carriers,  so  the  good  agreement 
between  the  eo's  in  Table  III  for  the  case  of  the  Einstein  mode  heat 
carriers  (TiBr,  Til,  and  Csl)  may  be  fortuitous.  The  clearer  case  is 
that  of  TzCi  and  CsBr  where  agreement  between  the  eo's  is  achieved  if  the 
Einstein  modes  do  not  carry  heat.  Either  way,  the  analyses  distinguish 
between  the  two  cases. 

Turning  next  to  the  boundary  scattering  phenomena  in  these 
cry?*als,  we  shall  employ  Eq.  (4)  to  find  xc,  the  phonon  mean  free  path 
in  the  T3  region  of  the  thermal  conductivity.  We  shall  assume  that  the 
heat-carrying  modes  identified  above  in  these  crystals  are  correct,  and 
the  appropriate  specific  heats  will  be  used  in  Eq.  (4)  (at  the  lowest 
temperatures  involved  the  Einstein  modes  are  almost  frozen  out  so  this 
assumption  is  not  critical  to  our  discussion).  Finally,  the  Schottky 
term  in  the  specific  heat  of  the  cesium  halides  is  assumed  to  be 
localized  and  not  a  heat  carrier. 

The  procedure  is  to  solve  Eq.  (4)  using  (smoothed)  C-  and  K-data  at 
the  lowest  temperatures.  The  parameter  values  given  above  for  p  and  v 
were  used,  and  the  results  are  given  in  Table  IV. 
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Table  IV 

Boundary  Scattering  Mean  Free  Paths 


Ac(cm) 


Smallest  Sample  Dimension  (cm) 


TzBr 

0.145 

0.016 

TiBr 

0.049 

0.016 

TiCi 

0.155 

0.0084 

TzCi 

0.064 

0.0077 

Tzl(a) 

0.169 

0.0020 

CsBr 

0.172 

0.063 

CsBr 

0.064 

0.020 

Csl 

0.156 

0.032 

Fused  polycrystalline  sample 


The  data  in  Table  IV  reveal  two  broad  features:  (1)  The  xc  values 
in  the  cesium  halides  are  generally  much  larger  than  in  the  thallous 
halides  and  scale  with  the  sample  dimension;  and  (2)  In  the  thallous 
halides,  the  \c  values  are  approximately  i ndependent  of  the  sample 
dimension. 

The  clear  indication  is  that  in  the  cesium  halides  boundary 
scattering  arises  from  the  physical  dimensions  of  the  crystal,  but  in  the 
thallous  halides  some  small  entity  within  the  crystal  is  responsible  for 
the  boundary  scattering.  There  is  some  evidence  in  the  literature  from 
low-angle  x-ray  diffraction10  that  the  thallous  halides  develop  a  mosaic 
structure  where  the  mosaics  are  ~  100wm  (~  0.01  cm).  The  indication  then 
is  that  the  thermal  conductivities  of  the  thallous  halides  are  limited  at 
the  lowest  temperatures  by  boundary  scattering  at  the  boundaries  of  these 
mosaics. 
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DISCUSSION 

The  specific  heats  of  the  thallous  and  cesium  halides  at  low  . 
temperatures  can  be  described  very  well  by  the  simple  models  employed 
above,  and  we  remark  that  the  non-Debye  phenomena  described  (e.g.,  the 
C/T3  maxima)  are  large  and  dominating  effects.  Moreover,  there  is  a 
satisfying  internal  consistency  in  that  the  eg's  from  the  two  fitting 
regimes  for  the  cesium  halides  (Tables  I  and  II)  are  in  excellent 
agreement. 

Examination  of  the  phonon  mean  free  paths  according  to  the  Peierls 
relation  Eq.  (5)  provides  information  on  the  nature  of  the  heat-carrying 
modes  in  these  crystals.  It  is  clear  that  the  Einstein  modes  in  T 1C1  and 
CsBr  do  not  carry  heat  whereas  in  the  remaining  halides  these  modes 
apparently  are  heat  carriers.  It  is  surprising  that  in  these  CsCz-type 
crystals  some  Einstein  modes  carry  heat  while  others  do  not.  This  is 
made  even  more  puzzling  by  observing  that  the  Einstein  frequencies  are 
quite  similar  within  the  thallous  halides  (21.2  ±  2.8cm-1)  and  the  cesium 
halides  (42.8  ±  3.7cm-1).  Finally,  there  is  experimental  evidence  that 
the  Einstein  mode  in  TtCt  is  E-field  independent  (14  kV/cm)  which 
suggests  an  acoustic  mode,  but  the  mean-free-path  data  indicate  this  mode 
doesn't  carry  heat. 

The  thermal  conductivity  data  on  these  halides  are  understandable 
in  a  straightforward  fashion:  Boundary  scattering  in  the  cesium  salts 
is  due  primarily  to  phonon  scattering  at  the  crystal  surfaces,  whereas 
in  the  thallous  halides  the  boundary  scattering  is  dominated  by  the 
mosaic  structure.  We  remark  in  this  regard  that,  in  the  former  case,  it 
is  not  unusual  for  Xc  to  be  -  3-5  times  smaller  than  the  crystal  dimen¬ 
sion  as  this  bears  on  the  diffuse/spectral  scattering  of  phonons  at  the 
surface  which  in  turn  depends  on  the  surface  preparation. 


In  conclusion,  we  return  to  the  suggestion  that  the  Schottky  term 
in  the  cesium  halides  may  be  due  to  an  OH-  concentration.  It  is  kn.own 
that  OH"  ions  occupy  halogen  sites  in  NaCz-type  crystals  such  as  KCz,  and 
KBr  and  have  six  equilibrium  orientations  along  [100]. 11  The  sixfold 
degeneracy  of  the  ground  state  is  tunneling  split  into  a  ground-state 
singlet  Aig  of  energy  -26,  a  triplet  Tiu  of  zero  energy,  and  a  doublet 
Eg  of  energy  6,  where  6  is  the  zero-field  splitting.7  The  Schottky 
contribution  to  the  specific  heat  from  these  tunneling  states  is  given 
by12 

6Nky2(2e"2y  +  3e"3y  +  e"3y 

Csch  =  (1  +3e-2y  +  2e~3y }2  ’  y  =  6/1  (7) 

where  N  is  the  hydroxyl  concentration  in  cm"3.  Since  OH"  ions 
substituted  in  the  CsCz  lattice  also  have  octahedral  symmetry,  Eq.  (7) 
applies  also  to  the  cesium  haldies.  The  tunneling  splittings  in  the 
NaCz-type  lattices  are  6=  0.34  K,13  and  substituting  this  value  into  the 
T  >>  6  form  of  Eq.  (7)  and  comparing  with  the  fitted  Schottky  coeffi¬ 
cients  for  the  cesium  halides,  we  find  N  ~  IQ20  cm-3  for  the  two  cry- 
tals.  These  concentrations  are  comparable  to  those  found  in  KCi.7  and 
lend  credence  to  the  suggestion  of  significant  OH"  concentrations  in  the 
cesium  halide  crystals  from  Harshaw. 
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This  is  the  third  in  a  series  of  reports  dealing  with  the  thallous 
and  cesium  halides  at  low  temperatures.  In  the  first  report  in  this 
series,  experimental  data  on  the  effect  of  intense  magnetic  fields  on 
the  thermal  conductivities  of  Tid,  TiBr,  and  CsBr  at  low  temperatures 
were  reviewed.  All  crystals  were  measured  under  Identical  conditions, 
and,  although  the  thermal  conductivities  of  the  thallous  haldies  showed 
small  dependences  on  H  (and  were  of  opposite  sign),  the  thermal  con¬ 
ductivity  of  Cs8r  at  10.45  K  underwent  a  large  maximum  at  H  =  8.5  T. 

These  data  are  reproduced  here  in  Fig.  1.  The  temperature  control  in 
this  experiment  was  ±0.04  K,  estimated  from  the  quantifiable  sources  of 
error.  The  height  of  the  maximum  in  Fig.  1  is  so  large  (aK/K=35%)  that 
in  order  to  explain  this  as  a  spurious  variation  in  the  control  tempera¬ 
ture  requires  a  temperature  uncertanity  ~1  K. 

The  thermal  conductivity  is  intimately  related  to  the  phonon 
modes  and  their  density  of  states.  Consequently,  since  both  the  thermal 
conductivity  and  the  dielectic  constant  depend  on  these  phonon  modes,  a 
magnetic- field  effect  in  the  former  might  also  be  manifested  in  the 
latter.  The  purpose  of  this  report  is  to  document  measurements  of  the 
dielectric  constant  of  CsBr  in  intense  magnetic  fields  at  low 
temperatures. 

The  CsBr  sample  was  a  crystal  slice  cut  from  a  boule,  and  the 
slice  was  0.072  cm  thick  with  major  electroded  faces  0.357  cm2  in  area 
(the  orientation  of  the  crystal  was  not  determined).  The  crystal  was 
suspended  by  its  leads  from  posts  within  a  simple  immersion  probe,  and 
the  probe  was  designed  to  fit  into  the  high-field  region  of  the  tail¬ 
piece  of  the  insertion  dewar  for  the  superconducting  15  T  magnetic  at  the 
Francis  Bitter  National  Magnet  Laboratory  (MIT).  The  probe  was  vented 


to  the  atmosphere  to  avoid  pressure  buildup  In  the  liquid  helium  of  the 
insert  dewar,  and  independent  measurements  of  other  samples  with  this 
arrangement  indicated  that  isothermal  conditions  were  maintained. 

The  capacitance  and  loss  tangent  of  the  crystal  were  measured  at 
several  field  levels  up  to  15  T  (150  kG)  using  a  transformer  ratio-arm 
bridge  with  associated  oscillator  (1  kHz)  and  detector  in  the  three- 
terminal  mode.  The  loss  tangent  of  the  crystal  was  so  small  (~10-6) 
that  the  correction  factor  (i.e.,  1  +  tan  6)  was  Ignored  in  calculating 
the  dielectric  constant  at  the  various  field  levels.  Moreover,  the  very 
small  loss  tangent  of  the  sample  indicates  that  the  measured  changes  in 
e  are  intrinsic  effects  unrelated  to  any  spurious  conduction  processes 
associated  with  Impurities 

The  three- terminal  mode  of  measurement  eliminates  all  lead  and 
stray  capacitance,  provided  coaxial  cables  are  used  from  the  sample  to 
the  bridge.  However,  the- leads  within  the  probe  were  not  fully  coaxial, 
and  for  the  position  of  the  CsBr  crystal  the  measured  lead  capacitance 
was  38.96  pF  at  room  temperature.  This  was  unfortunate  because  the 
total  zero- field  capacitance  at  4.2  K  was  40.313  pF  (I.e.,  the  lead 
capacitance  constituted  96%  of  the  total  capacitance).  The  measured  e 
at  4.2  K  was  3.069,  compared  to  the  AIP  Handbook  value  of  6.51  at  room 
temperature.  Consequently,  it  was  suspected  that  the  lead  capacitance 
at  4.2  K  was  smai 1 er  than  the  measured  value  at  300  K,  and  the  procedure 
used  was  to  adjust  the  lead  capacitance  to  yield  e  =  6.51  at  4.2  K, 

37.45  pF.  These  lead-capacitance  considerations  do  not  affect  the 
changes  in  e.  Moreover,  we  have  firm  experimental  evidence  that  the 
lead  capacitance  at  4.2  K  does  not  change  with  magnetic  field 


(i.e.,  similar  measurements  on  SrTiG3  and  KTa03  in  the  same  probe  re¬ 
vealed  very  small  changes  in  e  of  opposi te  sign  for  the  two  materials). 

The  results  of  these  measurements  on  the  CsBr  crystal  are  shown  in 
Fig.  2  where  e  is  plotted  vs.  H;  here  e  in  zero  field  at  4.2  K  has  been 
selected  as  6.51.  The  effect  of  a  magnetic  field  on  the  dielectric 
constant  is  dramatic:  At  15  T,  e  has  decreased  by  about  4%,  and  this 
finding  is  qualitatively  unaffected  by  the  selection  of  e  in  zero  field. 
We  note  that  in  Fig.  2  there  is  no  apparent  structure  in  e  at  8.5  T  as 
there  is  in  the  thermal  conductivity  at  this  field  level,  Fig.  1. 
However,  based  on  the  one  data  point  11.7  T,  e  appears  to  plateau 
between  9-12  T  as  Indicated  by  the  dashed  line  in  Fig.  2. 

The  data  in  Fig.  2  are  analyzed  phenomenologically  as  follows: 

We  construct  the  Gibbs  free  energy  expansion  for  a  simple  cubic  crystal, 
by  selecting  the  polarization  P  and  magnetization  M  as  the  independent 
variables, 


A  =  A0  +  I  X0P2  +  ^  CP4  +  J  a„M2  +  |bP2M2  +  \  YP2M4  +  •• 


(1) 


where  xQ  and  £  are  the  dielectric  coefficients,  aQ  is  the  magnetic 
coefficient,  and  q  and  y  are  the  magnetoelectric  coefficients.  The 
temperature  dependence  is  contained  in  the  coefficients.  THe  Gibbs  free 
energy  has  the  properties  that  the  electric  field  is  E  =  3A/aP  and  the 
magnetic  field,  H  =  3A/3M.  The  dielectric  constant  is  defined  by 
e  =  1  +  4-rr 8 P / 3 E ,  so  that  the  dielectric  susceptibility  is 


X  =  4u/(e -1 )  =  3  E/3  P  =  3  2 A/3  P2 . 


(2) 
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Solving, 


-  X„  a  (f}/a„)H2  +  (y/a0  )H4  +  ....  (2) 

or 

"  (eo-l)_1  =  (8/4ira0)H2  +  (y/^ao )H4  +  ...  (2') 

The  dielectric  data  are  shown  plotted  in  Fig.  3  according  to  Eq. 
(2'),  and  the  region  linear  in  H2  is  resolved  up  to  H2~70  T2  (H~8.5  T). 
Not  all  the  data  shown  in  Fig.  2  are  plotted  in  Fig.  3  because  so  few 
data  points  were  measured  above  10  T.  Furthermore,  it  is  probably  coin¬ 
cidental  that  the  upper  limit  of  the  linear  range  in  Fig.  3  (8.5  T) 
coincides  with  the  field  of  the  maximum  in  K  in  Fig.  1;  a  plateau  in  E 
between  9-12  T  is  suggested  by  the  data  (dashed  curve  in  Fig.  2)  but 
this  is  prejudiced  by  the  one  point  at  11.7  T. 

The  linear  region  in  Fig.  3  yields  from  Eq.  ( 2 '), 

6/« l  =  6.5xl0-4  (T-2)  *  (3) 

Insufficient  data  were  measured  at  fields  about  10  T  to  resolve  the 
fourth-order  term  in  Eq.  (2'),  but  a  rough  estimate  yields 

y/al  ~  -4x10-7  (T-M.  (4) 

The  Lyddane-Sachs-Tell er  relation  for  a  simple  diatomic  cubic 
crystal  relates  the  dielectric  constant  to  the  frequencies  of  the 
longitudinal  and  transverse  optic  modes, 


e/e«  3  ^Lo^To^2  ^ 

where  e.  Is  the  infinite- frequency  dielectric  constant  (i.e.,  ea  =  n2-l 
where  n  is  the  refractive  index).  Assuming  that  the  longitudinal  optic 
mode  is  H-field  dependent  and  combining  with  Eq.  (2'),  we  find 

1  2  9 

A«.nu)|_0  ■  -  ~eA(1/e)  =  -(Be/8tTa0)H  +  ... 

=  -1.7xl0-4  H2  (H  in  Tesla)  (6) 

using  Eq.  (3).  Consequently,  at  a  field  of  10  T  [the  approximate  upper 
limit  of  validity  for  Eq.  (3)],  the  change  in  u)Lo  i s  — 2%. 

DISCUSSION 

The  previous  thermal  conductivity  measurements  on  CsBr  established 
a  marked  dependence  of  K  on  H  at  10.45  K,  and  the  data  reported  here 
establish  a  dependence  of  e  on  H  at  4.2  K.  The  basic  problem  here  can 
be  formulated  as  follows:  The  thermal  conducitivity  is  given  by  the 
integral 

1  «D  _ 

K  -  —  J  C(w)v  (oj)x(w)du)  (7) 

0  O 

where  C(w)  is  the  specific  heat,  v  (u)  is  the  phonon  (group)  velocity, 
and  x (o> )  is  the  phonon  mean  free  path.  The  upper  limit  up  is  the  Debye 
cutoff  frequency.  Only  those  phonon  modes  which  transport  heat  are 
included  in  Eq.  (7)  (i.e.,  those  modes  for  which  v  *  0),  and  these  are 
generally  recognized  to  be  the  long-wavelength,  Debye  acoustic  phonons. 
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In  fact,  it  will  be  recalled  that  in  our  previous  studies  of  the  H  =  0 
thermal  properties  of  CsBr,  excellent  agreement  between  the  calorimetric 
Gq  and  the  gq  derived  from  the  Pierels  relation  for  x  was  obtained  if 
the  Debye  acoustic  phonons  were  assumed  to  be  the  only  heat  carriers. 
Thus  one  can  safely  say  that  the  dependence  of  K  on  H  derives  from  the 
magnetic-field  dependence  of  the  acoustic  phonon  spectrum  in  CsBr. 

On  the  other  hand,  the  e-H  data  reported  here  clearly  indicate  via 
Eq.  (5)  that  the  optic  phonon  spectrum  in  CsBr  is  also  influenced  by  a 
magnetic  field.  Going  further,  one  can  conjecture  that  the  anharmonic 
interaction  between  the  acoustic  and  optic  branches  in  CsBr  is  much 
stronger  than  perturbative,  although  the  origin  of  the  microscopic 
interaction  between  the  Cs+1  and/or  Br-1  ions  and  an  intense  H-field  is 
unci  ear. 

Specific-heat  measurements  on  CsBr  in  intense  fields  have  been 
completed  and  are  being  data-reduced.  These  data  when  completed  will 
say  something  about  the  C(uj)  term  in  Eq.  (7). 

Thermal  conductivity  measurements  in  intense  magnetic  fields  on 
CsBr  in  the  T3  boundary-scatteri ng  regime  would  also  be  enlightening, 
because  in  this  regime  xlai)  =  constant  in  Eq.  (7).  That  is,  from  our 
previous  studies,  xc  =  d/3,  where  d  is  the  smallest  crystal  dimension, 
in  this  regime. 

Finally,  it  would  be  worthwhile  to  repeat  the  dielectric  measure¬ 
ments  here  under  conditions  where  the  lead  capacitance  is  »  0.  In 
particular,  G-H  data  measured  with  the  magnetic  field  aligned  along 
[100],  [110],  and  [111]  would  indicate  the  possibility  of  vibronic 
effects  in  CsBr  associated  with  hybrid  oribtals. 
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INTRODUCTION 

A  new  ceramic  material,  variously  referred  to  as  SC1C,  C ( 9 / 1 ) , 
or  CCN  (9/1),  has  been  the  subject  of  five  applied  programs  owing 
to  its  enormous  specific  heat  below  10  K.  This  ceramic  displays  a 
maximum  in  the  specific  heat  at  8  K  of  ^2Jcm-3K-1;  for  comparison, 


water  at  room  temperature  has  a  specific  heat  ^4  J  cm' 


(note  that 


the  volumetric  basis  is  the  most  demanding  basis  for  comparison  pur¬ 
poses)  .  These  applied  programs  have  dealt  with  the  use  of  this  (and 
similar)  material  as  regenerator-matrix  materials1'2  and  as  dielec¬ 
tric  insulations  for  superconducting  wires.3-5 

These  applied  programs  have  raced  far  ahead  of  our  basic  under¬ 
standing  of  this  material,  and  one  of  the  purposes  of  the  present 
AFOSR  program  is  to  study  the  physics  of  this  unusual,  practical  ma¬ 
terial  . 

This  report  is  the  first  in  a  series  of  reports  devoted  to  this 
material  in  general  and  to  the  spinels  CdCr2CU  and  ZnCr204  in  parti¬ 
cular.  In  this  report  we  present  a  materials  background  and  very 
accurate,  broad-range  measurements  of  specific  heat  and  thermal  con¬ 
ductivity  . 

MATERIALS  BACKGROUND 

Ferroelectric  crystals  are  excellent  examples  of  soft-mode  be¬ 
havior  wherein  the  frequency  of  an  optic  mode  decreases  with  tempera¬ 
ture,  (jj2«T-T0,  above  the  Curie  temperature,  and  below  the  ferroelec¬ 
tric  transition  this  optic  mode  remains  low-lying.  The  interaction 
of  this  mode  with  acoustic  modes  is  much  stronger  than  perturbative, 
and,  consequently,  it  may  be  expected  that  f erroelectrics  will  have 
interesting  thermal  properties  at  low  temperatures. 

This  concept  led  the  author  to  measure  the  low-temperature  pro¬ 
perties  of  several  f erroelectrics  in  the  late  70 ’s, 6  and  one  of  the 
materials  chosen  for  study  was  Cd2CrNb06  which  had  been  reported  in 
the  Russian  literature  as  a  pyrochlore  ferroelectric.7  The  specific 
heat  of  this  material  was  so  large  that  it  proved  difficult  to  mea¬ 
sure,  and  a  research  program  was  started  to  explore  this  unusual  ma¬ 
terial  . 


It  was  immediately  noticed  that  when  stoichiometric 
batched,  large  weight  losses  occured  on  ceramic  firing, 
of  Cd0/Cr2 0 3 /Nb2 0 5  were  varied  in  ceramic  studies,  and 
that  at  certain  ratios  there  was  no  weight  loss.  X-ray 
these  latter  ceramics  confirmed  the  presence  of  two  pha 
spinel  CdCr204  and  the  columbite  CdNb206.  Moreover,  re 
of  the  ceramics  displaying  large  weight  losses  revealed 
vaporization  loss  was  precisely  the  amount  required  to 
chiometric  CdCr 2 0 4 + CdNb2 0 6  in  various  ratios.  In  fact 
that  even  small  variations  in  stoichiometry  resulted  in 


Cd2CrNbOb  was 
The  ratios 
it  was  found 
studies  of 
ses:  The 

-examination 
that  the  CdO 
yield  stoi- 
,  it  was  found 
small  weiqht 


losses  to  preserve  the  required  stoichiometry.  This  result  strongly 
suggested  that  there  is  negligible  solid  solubility  between  the  spi¬ 
nel  and  columite  phases.  This  conclusion  was  later  confirmed  in 
specific-heat  studies  (see  below) . 

The  large  specific  heats  of  these  spinel+columbite  materials  was 
believed  due  to  the  spinel  phase,  so  attempts  to  make  CdCraCK  were 
tried.  It  was  found,  however,  that  a  ceramic  body  would  not  form, 
and  it  was  unpredictable  if  the  resultant  powder  was  even  the  spinel 
due  to  CdO  loss.  The  clear  conclusion  was  that  the  columbite  CdNb20s 
had  to  be  present  for  the  CdCr206  spinel  to  form  predictably  in  a 
ceramic  body. 

The  above  studies  were  also  performed  on  the  analogous  ZnCr20i,+ 
ZnNb206  system  with  exactly  the  same  results.  The  analogous  Pb- 
containing  system  was  tried  with  no  success;  apparently  Pb2+  is  too 
large  an  ion  to  form  the  spinel  (note  that  PbNb206  is  rhombohedral 
rather  than  orthorhombic  columbite3).  The  analogous  Hg-containing 
system  was  avoided  for  toxicity  reasons. 

The  above  findings  resulted  in  a  patent9  issued  to  the  author. 

Given  that  CdNb206  (or  ZnWb20s)  must  be  present  to  form  the  spi¬ 
nel  CdCr20i,  (or  ZnCr2CU),  the  next  question  addressed  was  the  minimum 
amount  of  the  columbite  that  could  be  tolerated  consistent  with  cera¬ 
mic  formation.  In  an  NBS-funded  program,1  the  spinel : columbite  ratio 
was  varied  form  1/1  to  11/1  in  these  systems  and  the  low-temperature 
specific  heats  of  these  ceramics  were  measured.  A  fortuitous  result 
was  found;  namely,  at  the  9/1  molecular  ratio  a  hard,  strong  ceramic 
was  obtained  which  had  the  largest  and  most  sharply  peaked  specific- 
heat  maximum  of  all  the  samples.  At  the  11/1  ratio  the  mechanical 
properties  were  seriously  degraded  and  there  was  evidence  of  incomplete 
crystallization  of  the  spinel  phase.  Significantly,  as  the  spinel/ 
columbite  ratio  was  increased  across  the  series,  the  specific  heat  in¬ 
creased  in  direct  proportion  to  the  spinel  content;  this  was  further 
evidence  of  a  lack  of  solid  solubility  between  the  spinel  and  columbite 
phases . 

These  findings  apply  to  both  the  CdCr 2 0 4 /CdNb2 0 6  and  the  ZnCr204/ 
ZnNb2  0  6  systems;  hence,  the  terminology  C  ( 9 / 1 )  ,  etc. 

The  volume  %’s  of  the  spinel  phases  in  these  two  systems  are  easily 

calculated  usina  X-ray  densities  (CdCr20i,,  5.862;  l0  ZnCr204,  5.36  7;  -  - 

CdNb2  0 6  ,  6.056  ;12  and  ZnNb2  06  ,  5.649  1  2  ): 

C( 9/1)  =  Cd-containina  system  =  86.87  vol  °  CdCr204 

D(9/l)  =  Zn-containing  system  =  36  .  54  vol  %  ZnCr20i,  . 

The  X-ray  literature1  1  indicates  that  both  CdCr:04  and  2nCr;9,. 
are  cubic  spinels,  space  qroup  0h-Fd3n  with  8  molecules  per  unit  cell. 
The  reported  lattice  constants  are  f. .  595  1.011  A  and  8.3275  ±  9.009  1  A , 

respectively . 
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The  dielectric  properties  of  the  Cd-containing  system  were  brief¬ 
ly  studied  in  the  NBS  program.1  A  1/1  CdC'r  2  0  4 /CdNb2  0  6  sample  was 
measured,  and  two  significant  results  were  found:  (1)  The  dielectric 

constant,  though  large  (^300),  displayed  no  structure  in  the  neighbor¬ 
hood  of  the  maximum  in  the  specific  heat  (8  T<)  ;  and  (2)  The  specific 
heat  between  5-10  K  was  completely  independent  of  electric  fields  up 
to  35.4  kV/cm.  These  findings  suggest  strongly  that  there  is  no 
ferroelectric  nature  to  the  8  K  specific-heat  maximum  and  that  magneto¬ 
electric  effects  are  very  weak  or  non-existent. 

Thus,  what  began  as  a  study  of  low-lying  phonon  modes  in  ferro- 
electrics  has  led  to  a  non-f erroelectric ,  new  material  with  ponderous 
practical  applications ,  in  the  process  invalidating  some  of  the  Rus¬ 
sian  literature. 

Finally,  a  library  search  was  done  to  see  what  publications  ex¬ 
isted  on  the  CdCr20i,  and  ZnC^O.,  spinels.  This  search,  conducted  in 
1978,  revealed  the  following  (in  addition  to  Refs.  10  and  11  above): 

1.  The  enthalpy  of  formation  of  CdC^O.,  was  reported.13 

2.  The  free  energy  of  formation  of  ZnCr2  0i,  was  reported.14 

3.  The  chemical-catalyst  properties  of  ZnCr204  have  been 
studied .  1  5 

4.  It  has  been  claimed16  that  at  12.8  K  ZnCr204  undergoes 
a  first-order  transition  from  long-range  to  short-range 
magnetic  order  (We  remark  in  this  regard  that  our  thermal 
measurements  on  ZnCr 2  0  4  show  that  the  transition  occurs 
at  10.6  K  and  that  there  is  no  latent  heat  associated 
with  this  transition) . 

A  rather  extensive  literature  has  developed  on  the  sulf ochromite 
spinels,  CdCr2S4  and  ZnCr2S4.  This  literature  will  be  reviewed  in  a 
separate  report. 

THERMAL  MEASUREMENTS 

The  above  discussion  shows  that  the  9/1  spinel-to-columbite  ma¬ 
terials  probably  represent  the  best  experimental  samples  for  studying 
the  CdCr204  and  ZnCr204  spinels.  Note  that  the  columbite  phase  con¬ 
stitutes  only  13-14  volume  %  in  these  samples. 

Since  the  dominant  interest  in  these  spinels  centers  on  their 
thermal  properties,  it  was  decided  to  make  accurate  specific  heat  and 
thermal  conductivity  measurements  over  a  broad  temperature  range  (some 
measurements  on  9/1  materials  have  been  made  in  previous  programs1  but 
always  over  narrow  temperature  ranges). 

Disc  and  bar  samples  of  these  ceramics  were  carefully  made  by 
standard  techniques,  and  thermal  measurements  were  made  in  the  calori¬ 
meter  described  elsewhere.6  Specific  heat  and  thermal  conductivity 
data  on  these  materials  in  the  range  1.7  to  30  K  are  shown  in  Figs.  1 
and  2,  respectively. 


The  specific  heat  data  in  Fig.  1  are  plotted  on  a  log  C  vs. 
log  T  basis  and  give  the  illusion  that  the  data  are  more  sharply 
peaked  than  they  really  are.  The  enormity  of  the  specific  heat  max¬ 
ima  can  be  judged  from  Fig.  1;  that  is,  using  the  densities  quoted 
above,  these  maxima  are  vl. 2-2.0  J cm-  K~ 1 ,  or  roughly  half  the  value 
of  water  at  room  temperature. 

The  thermal  conductivity  data  in  Fig.  2  display  a  very  interest¬ 
ing  feature:  The  conductivity  makes  a  considerable  "jump"  as  the 
transition  is  approached  from  above.  The  log  K  scale  in  Fig.  2 
somewhat  obscures  how  large  this  discontinuity  is;  in  particular, 
for  the  zinc-based  material,  K  jumps  by  a  factor  of  three .  The 
arrows  in  Fig.  2  show  the  temperatures  of  the  specific  heat  maxima. 

For  CdC^Oi,,  the  K-discontinuity  takes  place  at  a  temperature  be  low 
Tmax;  for  ZnCraOi,,  above  Tmax .  Note  that  at  86-87  volume  %  of  spinel, 
the  heat  phonons  are  predominantly  carried  by  the  spinel  phase. 

At  the  lowest  temperatures  in  Fig.  2,  K «  Tm  with  m  =  2-2%,  as 
shown.  These  exponents  are  very  close  to  the  m=2  case  of  glassy  ma¬ 
terials,  although  no  conclusions  can  be  drawn  here  until  the  contri¬ 
bution  of  the  heat-carrying  phonons  to  the  specific  heat  is  determined 
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INTRODUCTION 


This  is  the  second  in  a  series  of  reports  devoted  to  the 
CdCr204  and  ZnCr204  spinels.  In  the  first  report,  a  materials  back¬ 
ground  was  presented  and  high-accuracy  specific  heat  and  thermal 
conductivity  data  were  reported  from  1.7  to  31  K.  These  data  were 
measured  on  samples  containing  a  9/1  ratio  of  spinel : columbite 
phases,  and  it  had  been  found  that  the  columbite  phase  had  to  be 
present  for  the  spinel  phase  to  form. 

In  this  report,  the  columbite  specific  heat  will  be  subtracted 
to  obtain  the  specific  heat  of  the  spinel  phase  for  both  CdCr204  and 
ZnCr204.  This  separation  will  be  made  on  an  additivity  basis  be¬ 
cause  the  ceramic  studies  discussed  previously  indicated  that  there 
was  little,  if  any,  solid  solubility  between  the  spinel  and  colum¬ 
bite  phases  in  these  materials.  Once  the  specific  heats  of  the 
CdCr204  and  Znr204  spinels  are  obtained,  these  data  will  be  analyzed 
according  to  various  specific  heat  formalisms.  These  analyses  will 
be  presented  in  subsequent  reports. 


SPECIFIC  HEATS  OF  COLUMBITE  PHASES 

Disc  samples  of  the  CdNb206  and  ZnNb206  columbites  were  prepared 
from  the  same  grade  of  starting  chemicals  used  to  prepare  the  C(9/l) 
and  D(9/l)  samples  reported  previously.  X-ray  analyses  confirmed 
that  single-phase  columbite  materials  had  formed.  Specific  heat 
data  on  the  CdNb206  sample  were  published  elsewhere1  in  a  study  of 
Cd-  and  Pb-containing  materials.  The  specific  heat  of  the  ZnNb206 
sample  was  measured  in  the  colorimeter  reported  elsewhere,2  and  spe¬ 
cific  heat  data  for  both  columbites  are  shown  in  Fig.  1. 

The  Fig.  1  data  are  plotted  as  C/T3  v_s.  T  to  illustrate  the  non- 
Debye  nature  of  the  data:  (1)  Below  5  K,  C/T3  rises  sharply  with 

decreasing  temperature;  and  (2)  Above  about  8  K,  C/T3  rises  slowly 
with  increasing  temperature  (For  a  Debye  solid,  C/T3  is  either  flat 
or  decreases  with  temperature.). 

The  commonality  of  the  data  in  Fig.  1  sugqests  a  similarity  in 
phenomena  for  the  two  columbites.  The  lower  temperature  data  were 
analyzed  according  to  the  high-T  expansion  of  a  two-level  Schottky 
term , 


Csch  =  Rgogi(go+gi)  2 ( 6 /t) 2 ,  t>>6 

where  g0 ,  g2  are  the  degeneracies  of  the  two-level  system  and  6  is 
the  energy  separation  measured  in  absolute  degrees.  There  is  no 
reason  to  choose  a  two-level  over,  say,  a  three-level  system;  what 
is  imDortant  is  the  T- 2  dependence  of  Ea .  (1)  common  to  the  general 

Schottky  term.  The  addition  of  a  T3  Debye  background  to  Eq .  (1) 

shows  that  a  CT2  vs.  T5  plot  applies  to  the  Schottky  term,  and  in 
Fig.  2  are  shown  such  plots  for  the  two  columbites.  Excellent  fits 
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to  the  experimental  data  are  obtained,  and  the  fitting  parameters 
are  given  in  Table  I.  In  applying  Eq .  (1)  we  have  arbitrarily  set 

go  =gi ,  and  the  Debye  Temperatures  Sp  in  Table  I  are  simply  derived 
from  the  slopes  of  the  plots  in  Fig.  2. 


Table  I 


Least-squares 

Fitting  Parameters, 

Eq  .  ( 1 ) 

Columbite 

9d  (K) 

6  (mK) 

CdNb2  0  6 

405.3 

58.72 

ZnNb2  0  6 

442.2 

64.61 

The  similarity  of  the  level  separations  <$  in  Table  I  leave  lit¬ 
tle  doubt  that  the  same  excitations  are  involved  in  both  columbites. 
It  is  reasonable  to  attribute  this  Schottky  effect  to  the  electric 
quadrupole-moment  of  Nb5+  interacting  with  the  electric-field  gra¬ 
dient  at  the  Nb5+  site  in  the  columbite  structure,1 

The  slow  rise  in  C/T3  with  increasing  temperature  in  Fig.  1  was 
analyzed  in  terms  of  an  Einstein  model, 

C  =  CD (0D/T)+3Rrx2e*/ (e*-l) 2 ,  x=eE/T,  (2) 

where  Cp  and  Qd  are  the  Debye  function  and  Debye  temperature  (nor¬ 
malized  to  one  atom  per  lattice  site,  as  above) ,  r  is  the  amplitude 
of  the  Einstein  term  (i.e.,  number  of  Einstein  oscillators  per  for¬ 
mula  weight),  and  0E  is  the  Einstein  temperature.  A  three-level 
fitting  procedure  was  used  (i.e.,  for  9d,  9e ,  and  r) ,  and  a  tabula¬ 
tion3  of  the  Debye  function  was  incorporated.  The  T~  2  contribution 
to  the  specific  heat  is  negligible  at  the  higher  temperatures  where 
the  Einstein  term  is  important,  as  seen  in  Fig.  1,  and  this  term  was 
ignored.  The  fit  of  the  ZnNb206  data  to  Eq .  (2)  are  shown  in  Fig.  3 

a  similarly  good  fit  for  CdNb206  has  been  published  elsewhere.1 
The  fitting  parameters  for  these  Einstein  fits  are  given  in  Table  II 

Table  II 


Fitting  Parameters,  Einstein  Term,  Eg.  (2) 


0D  (K) 

9E  (K) 

r 

CdNb2  0  6 
ZnNb2  0  6 

408 . 4 

444  .4 

109.5 <a) 
106.7 

0 . 186 (a) 
0.283 

^ Taken  from  Ref.  1 

There  is  very  satisfactory  agreement  between  the  Debye  tempera¬ 
tures  in  Tables  I  and  II  (407.1  ±  9.45%  for  CdNb206,  443.3  ±  0.35% 
for  ZnNb206)  which  lends  confidence  to  the  fitting  schemes.  It  is 
also  interesting  to  observe  that  the  Debye  temperatures  of  the  two 
columbites  scale  very  v.ell  with  the  square  root  of  the  molecular 
weights,  as  expected  from  the  Lindemann  equation.3 


Although  the  physics  of  the  specific  heats  of  these  two  colum- 
bites  are  of  interest  in  their  own  right,  our  goal  here  is  to  use 
these  data  to  correct  the  specific  heats  of  the  C  ( 9 / 1 )  and  D ( 9 / 1 ) 
samples  to  arrive  at  the  specific  heats  of  the  CdCr204  and  ZnCr204 
spinels.  This  we  take  up  next. 


SPECIFIC  HEATS  OF  THE  CdCr20.,,  ZnCr204  SPINELS 

The  above  fitted  data  allow  us  to  express  the  specific  heats 
of  the  columbites  CdNb2C>6  and  ZnNb2CU  in  analytic  forms,  and  these 
specific  heat  data  are  to  be  subtracted  from  the  total  specific 
heats  of  C(9/l)  and  D(9/l)  reported  previously. 

The  C(9/l)  and  D(9/l)  materials  are  batched  as: 

C(9/l)=l  mole  CdNb2 06+ 9  moles  CdCr204 
D  ( 9 / 1 )  =  1  mole  ZnNb2  0  6 +  9  moles  ZnCr204 

As  discussed  previously,  all  of  the  ceramic  and  specific  heat  stud¬ 
ies  to  date  indicate  that  there  is  negligible  solid-solubility  be¬ 
tween  the  columbite  and  spinel  phases  in  these  systems.  This  in 
turn  means  that  an  additivity  rule  applies  to  the  total  specific 
heat  of  the  two-phase  material  such  that  the  specific  heat  of  the 
spinel  phase,  Cs,  can  be  expressed  as 

Cs  =  aCt  -  bCc  (4) 

where  Ct  is  the  total  specific  heat,  Cc  is  the  specific  heat  of  the 
columbite  phase,  and  a  and  b  are  constants  involving  molecular 
weights  according  to  Eq .  (3). 

The  procedure  is  straightforward,  if  lengthy,  the  Cc  data  being 
given  by  the  above  fitting  equations.  Average  Debye  temperatures 
for  the  columbite  phases  were  used  (see  above) . 

These  separated  spinel  data  are  shown  in  Fig.  4.  The  data  in 
Fig.  4  are  plotted  as  C/T3  v_s.  T  for  convenience,  and  this  plot  re¬ 
veals  that  at  the  lowest  temperatures  C/T3  rises  sharply  with  de¬ 
creasing  temperature. 

The  data  in  Fig.  4  underscore  the  enormity  of  the  maximum  speci¬ 
fic  heats  of  these  spinels:  At  8  K,  the  CdCr204  spinel  has  a  maxi¬ 
mum  of  2.3  J  cm* 3 K~ 1 ;  at  10.6  K,  the  ZnCr204  spinel  has  a  maximum 
of  1-3  J  cm- 3 K~ 1 . 

Ps  mentioned  in  the  previous  report,  the  C(9/l)  and  D(9/l)  ma¬ 
terials  resulted  from  earlier  studies  where  the  spinel : columbite 
ratios  were  varied  from  1/1  to  11/1.  We  therefore  have  specific  heat 
data  measured  on  old  samples  of  C  (  9 / 1 )  and  D  (  9 / 1 )  near  the  specific 
heat  maxima  from  the  earlier  study,1*  and  these  data  can  be  used  to 
check  on  the  reproducibility  of  the  data.  These  previous  data  were 


decomposed  into  the  spinel  data  according  to  Eq .  (4),  and  a  com¬ 

parison  plot  of  the  four  data  sets  is  shown  in  Fig.  5.  As  seen, 
there  is  a  remarkable  degree  of  agreement  amongst  the  data  sets, 
particularly  near  the  maxima. 

Finally,  it  is  of  interest  to  make  a  comparison  between  the 
two  spinels.  This  is  done  by  normalizing  the  specific  heat  data  to 
the  gas  constant  and  normalizing  the  temperature  to  the  transition 
temperatures  Tn.  These  plots  of  C/3R  vs.  T/TN  are  shown  in  Fig.  6. 
There  is  an  interesting  scaling  of  the“3ata:  The  CdCr204  data  are 
1.5-2  times  larger  than  the  ZnCr204  data,  and  this  scale  factor  is 
far  too  large  to  be  attributed  to  experimental  error  or  to  the  data- 
handling  methods  (e.g.,  the  addenda  contributed  ^0.5%  in  the  experi¬ 
mental  data,  and  the  columbite  phases  contributed  about  10%  at  most) 
This  finding  may  suggest  that  different  mechanisms  are  active  in  the 
two  spinels.  Note  in  this  regard  that  the  ZnCr204  data  in  Figs.  4-6 
are  not  as  sharply  peaked  as  the  CdCr204  data. 

Our  next  studies  will  be  devoted  to  analyzing  the  Fig.  4  data. 
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INTRODUCTION 

This  is  the  third  in  a  series  of  reports  devoted  to  the  thermal  properties 
of  the  spinels  CdCr 2O4  and  ZnCr204.  In  the  last  report,  the  specific  heats  of 
these  spinels,  1.7  to  30  K,  were  presented,  and  these  data  are  reproduced  in 
Fig.  1.  In  this  report  we  present  certain  analyses  of  these  data. 

LOWER  TEMPERATURE  DATA 

At  the  lowest  temperatures  in  Fig.  1,  the  C/T3  data  increase  with  decreas¬ 
ing  temperature,  showing  that  some  common  mechanism  has  a  temperature  dependence 
stronger  than  the  T3-Debye  background.  Several  straightforward  functionals  are 
suggested:  (1)  Ferrimagnetic  spin  waves  contribute  a  T  term;  (2)  A  disordered 

o 

structure  would  contribute  a  glasslike  tunneling  term  linear  in  temperatures; 
and  (3)  Several  mechanisms  are  possible  which  would  give  rise  to  a  Schottky  term, 
the  T>>6  expansion  of  which  varies  at  T-2.1 

Plots  of  the  low  temperature  data  according  to  the  first  two  functionals 
( i . e . ,  C/T3/2  vs.  T3/2  and  C/T  vs.  T2 )  quickly  showed  that  the  excess  specific 
heat  has  a  stronger  temperature  dependence  than  Tm,  m>0.  However,  excellent 
fits  to  the  T>>6  form  of  the  two-level  Schottky  term, 

cSch  =  Rgogi  (go+gi)'2  ( 6 /T )2 ,  T>>a  (l) 

were  obtained,  and  these  are  shown  in  Fig.  2.  The  important  feature  here  is  the 
T~2  behavior  which  is  common  to  the  general  Schottky  term.  In  Eq.  (1),  go  and  gi 
are  the  degeneracies  of  the  two-level  system  and  5  is  the  energy  separation 
measured  in  absolute  degrees.  The  lines  in  Fig.  2  represent  least-squares  fits, 
and  the  fitting  parameters  are  given  in  Table  I. 
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Table  I 


Lower  Temperature  Schottky  Fitting 

Parameters^  a ) 

Spi nel 

eD(K) 

6  (mK ) 

CdCr204 

101 .03 

330.8 

Zn(>204 

162.43 

367.6 

(a^Two-level  Schottky  term 


The  energy  separations  6  in  Table  I  were  obtained  by  setting  go  =  gi  in  Eq.  (1). 

We  note  from  Fig.  2  that  the  T5  fitting  range  is  different  for  the  two 
spinels  and  that  the  ZnCr204  data  tail  off  at  the  lower  T5  values.  Qualita¬ 
tively,  the  T-2  approximation  to  the  Schottky  term  tails  off  as  T+6.  The • 
similarity  of  the  5 ' s  in  Table  I  seems  coincidental,  since  from  Fig.  2  the 
CdCr204  data  do  not  show  a  deviation  from  the  T*2  behavior.  This  appears  to  be 
another  difference  between  the  two  spinels. 

An  attempt  was  made  to  fit  the  lower  T5  data  for  ZnCr204  by  relaxing  the 
condition  go  =  gi  and  employing  the  full  Schottky  term, 

C$ch  =  Rpx2ex/( l+pex)2 ,  x  =  6/T,p=g/g  (2) 

The  procedure  was  strai ghtforward :  The  intercept  in  Fig.  2  relates  6  and  p 
[i.e.,  6  «  (l+pl/Zp'],  and  the  excess  specific  heat  (i.e.,  above  the  Debye 
background)  is  given  by  Eq.  (2).  However,  the  tailing  off  of  the  ZnCraOi,  data 
could  not  be  explained;  obviously,  the  two-level  system  is  not  applicable  to 
ZnC^Qu  (and  probably  not  to  CdCr204,  either). 

We  note  that  the  Debye  temperatures  in  Table  I  are  suspiciously  small  for 
these  hard,  refractory  spinels.  For  comparison,  Pb  has  =  1 1  OK .  We  shall 
return  to  this  point  below. 


.'vS  v  t  v  v.v.’  . 
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HIGHER  TEMPERATURE  DATA 


At  temperatures  well  above  the  transition  temperatures  of  Cd(>204  and 
ZnCr204,  the  spin  fluctuations  give  rise  to  a  Schottky-type  contribution,  and 
the  specific  heat  in  this  region  is  expected  to  vary  as  mT3+b/T2  where  m  is 
simply  related  to  the  Debye  temperature.  This  is  a  common  procedure  for  deter¬ 
mining  the  lattice  specific  heat.1*3 

Appropriate  plots  for  CdCr204  and  ZnCr204  are  shown  in  Fig.  3:  Satisfactory 
linear  regions  are  obtained  prior  to  the  tailing  off  of  the  Schottky  terms.  The 
significance  of  these  plots  is  the  determination  of  the  lattice  specific  heats, 
and  in  Table  II  are  given  the  Debye  temperatures  resulting  from  least-squares 
fittings  of  the  Fig.  3  data. 


The  note  that  the  e^'s  in  Table  II  are  considerably  larger  than  those  given 
in  Table  I.  As  a  point  of  comparison,  the  Lindemann  equation1  relates  eD  to 
other  properties, 

eD  =  B  (Tm/MV2/3)1/2  (3) 

where  Tm  is  the  melting  point,  M  is  the  molecular  weight,  V  is  the  molecular 
volume,  and  B  is  a  constant  (=115).  Adopting  melting  points  for  both  spinels  of 
1800°C,  Eq.  (3)  yields  8^  =  414  and  469  K  for  the  CdCr204  and  ZnCr204  spinels, 
respectively,  in  remarkably  good  agreement  with  the  e^'s  '*n  fable  H.  The  actual 


melting  points  Tm  are  unknown,  and  we  have  simply  adopted  the  ceramic  "rule  of 
thumb"  that  Tm  is  about  50%  larger  than  the  sintering  temperature  (actually, 
changing  Tm  by  ±  200°C  affects  6^  from  Eq.  (3)  by  only  ±  5%).  Finally,  we  note 
that  these  Debye  temperatures  are  large  enough  to  justify  the  T3  limit  up  to  the 
30  K,  which  is  implicit  in  the  plots  of  Fig.  3. 

DISCUSSION 

The  excellent  agreement  with  the  predictions  of  the  Lindemann  equation  lends 
credence  to  the  fitted  Debye  temperatures  in  Table  II  for  the  lattice  contribu¬ 
tion. 

The  problem  here  is  that  the  Debye  temperatures  in  Table  I  are  ~  3-4  times 
smal 1 er  than  those  in  Table  II.  The  explanation  here  may  be  that  anti ferri- 
magneti c  spi n  waves  are  involved  at  the  lowest  temperatures. 

For  anti ferrimagnets ,  the  dispersion  relation1 

id  =  aa  (2  J'sa  /h)q 

immediately  leads  to  the  1 ow-T  specific  heat  contribution, 

CM  =  CaNk(kT/2J ‘ s ) 3  -  T3,  (4) 

where  the  constant  Ca  depends  on  the  lattice  geometry  and  has  been  calculated  for 
several  lattice  types.  Consequently,  the  anti ferrimagnetic  spin-wave  specific 
heat  has  the  same  T3  dependence  as  the  Debye  acoustic-phonon  background,  and  as 
such  leads  to  a  lower  effecti ve  Debye  temperature,  as  in  Table  1. 

We  have  generated  sufficient  data  in  the  above  fittings  to  solve  for  the  J's 
values  according  to  Eq.  (4).  At  the  lowest  temperatures,  the  effecti ve  Debye 
coef fi cient  i s 

me  ■  mD  +  CaR( k/2J  'si3  (5) 

where  mD  is  obtained  from  the  hi  gh-temperature  fits  (i.e.,  the  e^s  in  Table  II). 


That  is,  me 


«  6"|  and  mo  <*  9-3  ,  where  eDi  is  taken  from  Table  I,  6q2  from 

Table  II.  Solving  Eq.  (5)  using  the  appropriate  parameters,  we  find: 


CdCr20i* : 

J's/Ca1/3  =  5.943x10-16 

erg 

ZnCraCK : 

J's/Ca1/3  =  9.651x10-16 

erg 

The  above  fitting  results  now  also  allow  us  to  calculate  the  magnetic 
entropy  of  these  spinels;  this  we  pursue  next. 
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INTRODUCTION 


This  is  the  fourth  report  in  a  series  devoted  to  the  oxide  spinels 
CdCraO^  and  ZnCr204  in  an  effort  to  understand  the  unusually  large 
specific  heats  of  these  materials. 

In  previous  reports,  high-precision  specific  heat  data,  1.7-31  K, 
on  C ( 9/1 )  and  D ( 9/1 )  were  analyzed  to  determine  the  specific  heats  of 
the  spinel  phases,  and  further  analyses  of  these  spinel  data  revealed 
several  significant  findings: 

1.  From  high- temperature  (i.e.,  T>2T^ )  Schottky  fits,  Debye 

temperatures  of  420  and  463  K  were  determined  for  the  CdCr204 
and  ZnCr204  spinels,  respectively.  These  Debye  temperatures 
are  in  remarkably  good  agreement  with  predictions  of  the 
Lindemann  relation  based  on  melting  temperatures  and  molecular 
weights. 

2.  From  1  ow-temperature  (i.e.,  T<l/2  Tjg)  Schottky  fits,  two-level 
excitations  were  identified  with  level  splittings  0.33  and 
0.37  K  for  the  CdCr204  and  ZnCr204  spinels,  respectively. 

These  fits  also  yielded  unrealistically  small  Debye 
temperatures  ( Gq~ 100-1 60  K)  for  such  hard,  refractory 
materials,  and  the  conclusion  drawn  was  that  anti ferrimagnetic 
spin  waves  are  contributing  a  T^  term  to  the  specific  heat, 
thus  leading  to  very  small  effective  Debye  temperatures  in 
this  temperature  range. 

In  this  report,  entropy  and  enthalpy  data  are  reported  for  these 
spinels  based  on  the  above  results. 


MAGNETIC  ENTROPY  OF  SPINELS 

The  entropy  (and  enthalpy)  of  these  two  spinels  are  derived  from 
the  decomposed  experimental  data  according  to  the  following  assumptions: 

1.  The  lattice  contributions  are  characterized  by  the  Debye 
temperatures  420  and  463  K  mentioned  above  because  of  the 
excellent  agreement  with  the  lindemann  relation. 

2.  Anti ferrimagnetic  T^  spin-wave  contributions  are  assumed 
(determined  directly  from  the  difference  in  the  effective  Go's 
from  the  high-  and  low-temperature  Schottky  fits),  and  this  T^ 
dependence  is  used  down  to  0  K.  At  the  lowest  temperatures, 
this  T-3  relation  for  spin  waves  becomes  invalid,  but  the 
contribution  to  the  entropy  (and  enthalpy)  integrals  at  the 
these  lowest  temperatures  is  so  small  that  the  error 
introduced  is  negligible. 

3.  The  (assumed)  two-level  Schottky  excitation  for  T<Tfj  is  not 
identified  but  is  assumed  to  be  independent  of  the  central 
specific  heat  peaks  at  8  and  10.6  K  for  the  CdCr204  and 
ZnCraOw  spinels,  respectively.  Thus,  this  contribution  to  the 
specific  heat  is  treated  as  a  pseudo-lattice  contribution 
rather  than  as  a  magnetic  contribution.  Also,  a  two-level 
Schottky  term  with  equal  degeneracies  will  be  used  to  describe 
this  pseudo-lattice  contribution  down  to  the  lowest 
temperatures  (this  is  a  necessary  assumption  since  the 
Schottky  fit  at  the  lowest  experimental  temperatures  yields 
only  the  level  splitting). 

4.  Above  31  K,  the  magnetic  contribution  to  the  specific  heat 
will  be  extrapolated  using  the  T~2  tail  of  the  fitted  high- 
temperature  (i.e.,  T> 2 T|g )  Schottky  term. 


The  total  specific  heat,  C^,  is  written  as 

^t  =  Cfc  +  Cm ,  ( 1 ) 

where  C£  is  the  lattice  contribution  (including  the  pseudo-lattice  term) 
and  Cm  is  the  magnetic  contribution.  We  have  Cfdata  determined 
directly  from  the  experimental  data  between  Tj  and  T2  (i.e.,  Tj  =  1.7, 

T2  =  31  K),  so  the  magnetic  entropy  is  given  by 

Tl  (sw)  T2  “  (sch)  T2 

Sm  =  /  Cm  at nT  +  /  ^tdtnT  +  /  Cm  dxnT-  /  CtdznT,  12) 

0  Ti  T2  Tl 

where  Cm(Sw)  is  the  spin-wave  T^  term,  Cm^sch^  is  the  Schottky-tail 
extension,  and  comprises  both  the  Debye  contribution  and  the  pseudo¬ 
lattice  Schottky  term.  An  advantage  of  Eq.  (2)  is  that  the  pseudo¬ 
lattice  term  is  not  involved  below  (see  below). 

The  procedure  now  is  straightforward:  The  first  integral  in  Eq. 
(2)  is  evaluated  using  the  T^  spin-wave  approximation;  the  second 
integral,  by  numerical  integration  of  the  (decomposed)  experimental 
spinel  data;  and  the  third  integral,  by  using  the  fitted  T"2  Schottky 
extension.  The  fourth  integral  in  Eq.  (2)  involves  the  Debye  term  plus 
the  pseudo-lattice  Schottky  term:  Fortunately,  the  T^  Debye 
approximation  is  accurate  to  <±0.8%  uncertainly  up  to  31  K  for  the 
Debye  temperatures  involved,  so  that  the  Debye  integral  is  trivial;  the 
pseudo-lattice  term  was  evaluated  by  numerically  integrating  the 
two-level  schottky  term. 

The  magnetic  entropy  Sm  is  simply  related  to  the  spin  of  the  Cr3+ 
ion  in  these  spinels:  A  particle  with  spin  s"h  has  2s+l  quantized 
orientations,  and  in  the  absence  of  a  magnetic  field  there  is  a  2s+l 
degeneracy  in  the  state  of  the  system,  leading  directly  to 
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Sm  =  nIUn  (2s+l ) ,  (3) 

where  n  is  the  number  of  spins  per  formula  weight  (i.e.,  n  =  2).  The 
results  of  these  calculations  are  summarized  in  Table  I. 

Table  I 

Magnetic  Entropies  of  Spinels 


The  various  entropy  contributions  are  evaluated  as  follows:  (1) 
The  magnetic  entropy  below  Tj  is  calculable  from  the  first  integral  in 
Eq,  (2),  and  above  T2,  from  the  third  integral  in  Eq.  (2);  (2)  The  Debye 
lattice  contribution  is  calculable  from  the  T3  approximation  up  to  ~  35 
K,  and  from  the  Debye  Table1  above  35  K;  (3)  The  pseudo-lattice 
contribution  is  obtained  by  direct  numerical  integration  of  the 
two-level  Schottky  term;  and  (4)  The  magnetic  entropy  between  and  T2 
is  calculable  from  the  difference  between  the  total  entropy  and  the 
lattice  contributions. 

These  entropy  calculations  are  summarized  in  Figs  1-3:  Figs  1  and 
2  summarize  the  entropy  contributions  for  CdCr204  and  ZnCraCK, 
respectively,  where  the  lattice  Debye  and  psuedo-1 attice  Schottky 
contributions  are  shown  separately.  And  Fig.  3  compares  the  magnetic 
entropies  in  the  two  spinels. 
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MAGNETIC  ENTHALPY  OF  SPINELS 


The  enthalpies  of  the  two  spinels  are  calculated  exactly  along  the 
lines  of  the  above  entropy  calculations  except  that  in  Eq.  (2)  the 
integrations  involve  dT  rather  than  d*nT.  The  results  of  these 
calculations  are  given  in  Table  II. 


Table  II 

Magnetic  Enthalpies 

of  Spi  nel  s 

Spinel 

Hm(erg  g“i ) 

Hm ( J  per  mol e) 

CdCr204 

1.146  x  107 

321.3 

ZnCr204 

9.944  x  106 

232.1 

DISCUSSION 

There  is  an  internal  consistency  in  the  manner  in  which  the  above 
magnetic  entropies  have  been  derived.  That  is,  the  Debye  lattice 
contribution  has  been  described  by  a  Debye  temperature  in  which  we  have 
confidence  based  on  the  Lindemann  relation,  and  the  magnetic  entropy 
follows  directly  from  experimental  data.  Both  spinels  have  been  treated 
identically.  The  lowest  temperature  Schottky  term  ( i . e . ,  5  ~  0.3  K), 
while  unidentified,  does  not  contribute  significantly  to  calculated 
from  Eq.  (2);  that  is,  in  the  fourth  integral  in  Eq.  (2)  the  integrand 
of  this  term  essentially  varies  as  T"3  between  Tj  and  T2.  Another  way 
of  seeing  this  is  that  the  entropy  of  this  term  is  essentially  constant 
between  Tj  and  T2  in  Figs.  1  and  2. 


The  most  significant  findings  from  this  study  are  the  effective 
Cr3+  spin-values  per  molecule  in  Table  I:  For  CdCr20 4,  s  =  1  and  for 
ZnCr204,  s  *  1/2. 

These  spin  values  allow  us  to  evaluate  the  exchange  constants  in 
these  spinels.  That  is,  the  anti ferrimagnetic  spin-wave  contribution  to 
the  specific  heat  is1 

Cm(sw)  =  caR(k/2J 1 s ) 3  T3  (4) 

where  ca  is  a  constant  depending  on  the  lattice  type,  J'  is  the  exchange 
constant,  and  s  is  the  spin  value.  Assuming  ca  «  1  and  using  the  spin 
values  in  Table  I  we  find 

J'  (CdCr204)/k  =  3.88  K 

J-  (ZnCr204)/k  =  13.34  K  (5) 

in  units  of  the  Bol tzman  constant  k.  We  have  consistently  found 
significant  differences  between  these  two  spinels,  and  these  spin  and 
exchange  values  are  yet  another  example. 

We  are  now  in  a  position  to  make  comparisons  between  the  lattice 
and  magnetic  contributions  to  the  specific  heats  of  these  spinels:  At 
the  lowest  temperatures  the  anti ferrimagnetic  spin-wave  contribution  is 
about  71  times  1 arger  than  the  lattice  contribution  in  CdCr204;  and 

about  22  times  1 arger  in  ZnCr204.  At  the  specific  heat  maximum  at  8  K 

in  CdCr204,  the  lattice  contribution  is  only  0.10%  of  the  total  specific 
heat;  stated  differently,  the  total  specific  heat  is  about  103  times 
larger  than  the  lattice  contribution.  At  the  specific  heat  maximum  at 
10.7  K  in  ZnCr204,  the  corresponding  values  are  0.35%  and  287  times 
larger,  respectively. 
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In  conclusion,  the  specific  heats  of  CdC^Qt*  and  Zn(>204  seem 
understandable  in  a  straightforward  fashion.  The  Cr3+  spin  values  are 
s  ~ 1  and  s  ~l/2,  respectively,  which  are  reasonable  (the  free-ion 
spin  of  Cr3+  is  3/2).  These  spin  values  are  determined  by  assuming  that 
all  Cr3+  ions  participate  [i.e.,  n  =  2  in  Eq  (3)].  The  anti ferrimag- 
netic  spin  waves  contribute  at  T3  term  which  is  very  large  compared  to 
the  lattice  term,  but  the  exchange  constants  in  Eq.  (5)  are  reasonable 
values  and  compare  favorably  with  values  determined  in  similar  spinels 
(e.g.,  in  CdCr2S4,  J /k  =  11.8  K  for  ferromagneti c  nearest-neighbor 
interactions.2)  Finally,  the  lattice  contributions  are  describeable  by 
Debye  temperatures  in  excellent  agreement  with  the  predictions  of  the 
Lindemann  relation. 
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INTRODUCTION 

This  is  the  fifth  report  in  a  series  devoted  to  the  oxide  spinels 
CdCr20i*  and  ZnCr204  in  an  effort  to  understand  the  large  specific  heats 
of  these  materials. 

By  way  of  review,  the  CdC^Oi,  spinel  has  a  specific  heat  maximum 
of  C^x/SR  *  4  at  8  K,  and  the  ZnCr204  spinel  has  Cmax/3R  »  2  at  10.7  K. 
On  a  volumetric  basis,  the  specific  heats  of  these  spinels  are  compar¬ 
able  to  that  of  water  at  room  temperature. 

Analyses  of  high-precision  specific  heat  data,  1.7-31  K,  strongly 
suggest  anti ferrimagnetic  transitions  at  8.0  and  10.7  K  in  these 
spinels.  Debye  temperatures  of  420  and  463  K  for  the  Cd  and  Zn  spinels 
were  determined,  and  from  the  magnetic  entropies  of  the  transitions, 
effective  Cr3+  spin  values  of  1.11  and  0.52  were  deduced  for  the  Cd  and 
Zn  spinels,  respectively.  From  the  anti ferrimagnetic  spin-wave 
contributions  to  the  specific  heats  at  the  lowest  temperatures,  exchange 
constants  J/k  *  3.88  and  13.34  K  were  determined  for  the  Cd  and  Zn 
spinels,  respectively.  Finally,  it  has  been  determined  recently  in 
drift  experiments  (to  be  described  later)  that  there  is^o  latent  heat 
associated  with  the  8.0  K  transition  in  the  Cd  spinel  or  with  the  10.7  K 
transition  in  the  Zn  spinel,  thus  suggesting  second-order  transitions 
(That  Is,  the  Cd  spinel,  for  example,  was  drifted  slowly  in  temperature 
through  the  8.0  K  region;  if  a  latent  heat  were  Involved,  the  sample 
temperature  would  remain  constant  at  8.0  K  until  this  heat  were 
dissipated,  but  such  was  not  the  case  for  either  spinel). 

The  purpose  of  this  report  Is  to  conduct  a  (limited)  literature 
survey  of  these  and  similar  spinels  to  see  what  insights  might  be  gained 
into  the  CdCr204  and  ZnCr204  spinels. 


LITERATURE  SURVEY 


A  library  search  for  papers  on  CdCr204  and  Zncr204  was  conducted 
in  1978,  and  since  then  various  abstracting  journals  have  been  followed 
for  recent  papers.  These  searches  have  been  relatively  fruitless:  (1) 
The  enthalpies  of  formation  of  the  spinels  have  been  reported;1  and  (2) 
The  catalytic  properties  of  ZnCr2Q4  have  been  reported.2  The  only  paper 
bearing  on  the  Immediate  problem  reported3  that  at  12.8  K  ZnCr204  under¬ 
goes  a  first-order  transition  from  long-range  to  short-range  order; 
these  authors,  however,  do  not  present  evidence  supporting  the  claim  of 
a  first-order  transition  (see  above).  Moreover,  our  considerable 
calorimetric  studies  of  ZnCr204  consistently  place  the  transition  at 
10.7  K. 

Thus,  the  literature  data  on  these  oxide  spinels  is  very  sparse. 
However,  the  literature  data  on  the  chromium  chalcogenide  spinels  MO4X2 
(M  *  Zn,  Cd,  Hg,  Cu,  Fe  and  X  *  S,  Se,  Te)  Is  quite  voluminous,  and  in 
what  follows  below  we  will  briefly  review  the  literature  on  these 
spinel  s. 

To  begin,  most  all  of  these  chalcogenide  spinels  are 
ferromagnetic,  and  in  his  1967  book4  Schieber  lists  the  properties  of 
these  spinels  (see  Table  I  below). 

The  chromium  chalcogenide  spinels  have  generated  considerable 
interest  In  recent  years  because,  as  semiconductors,  they  present  the 
opportunity  to  study  magnetic  interactions  In  systems  where  the 
Itinerant-electron  population  is  accessible  to  experimental  control.12 
In  the  case  of  CdCr2Se4,  optically-induced  changes  In  both  the 

1  3 

permeability  and  the  magnetization  have  been  observed. 
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Chalcogenide  Spinels  (Symmetry  Fd3m) 


B 

1 

i 

» 


R 


i 


Spinel 

O 

Lattice  Constant  (A) 

Curie  Temp  (K) 

Reference 

CdCr2S4 

10.244 

156  * 

5 

ZnCr2S4 

9.21 

18  ** 

5,6 

CdCr2Sett 

10.72 

130  * 

7,8 

ZnCr2Se4 

10.50 

115  ** 

9,10 

HgCr2S4 

10.23 

142  ** 

11 

HgCr2Se4 

10.75 

200  * 

11 

CuCr2S4 

9.82 

390  * 

9 

CuCr2Se4 

10.34 

465  * 

9 

CuCr2Te4 

11.14 

400  * 

9 

FeCr2S4 

9.97 

234  * 

6 

*  Ferromagnetic 
**  Anti  ferromagnetic 


The  semiconducting  properties  of  Cd1-X  CuxCr2Se4  have  been 
studied  in  detail.8  Several  authors  have  reported  similar  studies  for 
CdCr2S4,  CdCr2S4,  and  HgCr2Se4,u  and  the  remarkable  phenomena  are  a 
decrease  of  the  electronic  conductivity  and  a  giant  negative  magneto¬ 
resistance  near  the  Curie  temperature. 

The  semiconducting  phenomena  in  Cd^CUj^CrjSe,^  are  explained 
along  the  lines  of  a  model  due  to  Goodenough:15  The  3d  copper  electrons 
occupy  the  eg4t2g  orbital  states,  and  one  t2g  orbital  remains  empty. 

The  Eg  levels  are  located  below  the  top  of  the  valence  band  whereas 
the  t2g  states  form  a  fairly  shallow  acceptor  level.  The  top  of  the 


3 

valence  band  is  due  to  the  4p  states  of  the  Se-2  ion,  and  the  t2g 
orbitals  of  the  Cr3+  ions  are  located  below  the  top  of  the  valence  band. 
Because  the  t2g  orbital  in  a  tetrahedral  environment  forms  strong  o 
bonds  with  the  chalcogen  ion,  the  localization  of  the  t2g  electrons  Is 
disturbed  by  the  cation-anion-cation  interaction  if  the  copper  concen¬ 
tration  Is  sufficiently  large.  For  small  copper  concentrations,  an 
electron  is  captured  from  the  top  of  the  valence  band  by  the  empty  t2g 
orbital  and  it  then  participates  in  the  Indirect  exchange  between  the 
nearest  Cr3+  ions,  thereby  forming  a  magnetic  polaron.  The  conduction 
process  Is  due  to  holes  moving  along  the  4p  states  of  the  Se-2  Ion  near 
the  top  of  the  valence  band.  Some  contribution  to  the  conduction  is 
also  made  by  the  drift  of  the  magnetic  polarons,  but  since  their 
mobility  Is  small  compared  to  the  hole  mobility,  this  contribution 
1  s  very  smal  1 . 

Calculations  of  the  electronic  band  structures  for  HgCr2Sei«16  and 
for  CdCr2S4  and  CdCr2Se417  by  use  of  the  discrete  variational  Xa  method 
have  elucidated  the  semiconductor  +  magnetic  properties  of  these 
material s. 

In  these  spinels,  the  Cr3+  site  has  octahedral  symmetry,18  and 
in  the  many-el ectron  representation  the  Cr3+  ground  state  has  A2g 
symmetry  while  the  first  excited  state  Is  either  Eg  or  T2g.19 
f erromagnetl c  CdCr2Se4  (Tc  a  130  K),  the  3d3  electrons  of  the  Cr3+ 

Ion  occupy  the  up-spin  t2g  nonbonding  orbital,  whereas  the  down-spin  t2g 
orbital  remains  empty.  On  the  other  hand,  the  eg  orbitals  are  consid¬ 
erably  hybridized  with  the  4p  orbitals  on  the  Se2-  ion  due  to  the  cov¬ 
alency  comprising  both  bonding  and  antibonding  orbitals.20  Since  both 
Zn2+  and  Cd2+  in  these  spinels  have  3d10  and  4d10  outermost  filled 


shells,  the  band  structures  of  ZnCr2X4  and  CdCr2X4  are  expected  to  be 
quite  similar.17*21  Yet,  as  seen  in  Table  I,  the  Zn-chromium  chalco- 
genide  spinels  tend  to  be  anti  ferromagnetic,  as  contrasted  with  the 
ferromagnetic  Cd  spinels. 

The  explanation  here  might  lie  with  the  separation  of  the  Cr3+ 
ions:  The  interaction  between  first  nearest  neighbor  Cr3+  ions  on 
octahedral  sites  in  spinels  are  quite  sensitive  to  distance,  going  from 
strongly  anti  ferromagnetic  in  oxide  spinels  to  strongly  ferromagnetic 
in  selenide  spinels.22 

Several  details  of  these  chromium  chalcogenide  spinels  deserve 
mention: 

The  reflectance  spectra  measurements  provide  Information  on  the 
covalency  and  band  parameters  through  analyses  of  the  inner-core  optical 
spectra.23  The  reflectance  spectra  of  ZnCr2Se4  has  been  measured  from 
120  to  3000  A  and  interpreted  in  terms  of  the  covalency  of  the  Cr3+  3d 
(eg)  orbitals.20 

The  spiral -spin  ground  state  of  ZnCr2Se4  suggests  that  at  least 
one  of  the  di stant-neighbor  interactions  Is  ferromagnetic.24 

The  band  gap  Eg  In  CdC^Set,  (conduction  to  valence  band  transi¬ 
tions)  determined  from  photoluminescence  spectra  is  1.8eV.25  Similar 
measurements  at  high  picosecond-laser  Intensities  have  established 
that  CdCr2$e4  is  a  direct-band-gap  semiconductor.26  The  band-to-band 
absorption  In  CdCr2$4  lies  at  2.4  eV.27 

In  CdCr2$4,  the  exchange  interactions  with  the  six  nearest- 
neighbor  Cr3+  ions  (via  the  intermediate  sulfur  ion)  are  ferromagnetic 
(Ji/k  3  11.8  K)  while  the  interactions  with  30  more  distant  neighbors 
are  weaker  and  anti  ferromagnetic . 22  The  anisotropy  of  CdCr2S4  is  very 
small  down  to  the  lowest  temperatures,28  but  Fe2+  doping  on  the  Cd2+ 


site  raises  the  Curie  point  and  introduces  a  strong  anisotropy.29 
Ferromagnetic  resonance  studies  at  helium  temperatures  indicate  that 
this  anisotropy  in  Cd1_xFexCr2S1+  can  be  explained  by  the  single-ion 
anisotropy  of  the  ferrous  ion  on  the  tetrahedral  site.29 

There  are  five  first-order  phonon  lines  in  the  Raman  spectra  of 
CdCr2X4  (X  *  S,  Se),  and  the  intensities  of  certain  lines  Increase  below 
the  magnetic  ordering  temperatures.30  Since  the  temperature  dependence 
of  the  Intensities  varies  like  the  spin-correlation  function,  this  effect 
has  been  called  spin-dependent  phonon  Raman  scattering.  Two  models 
.have  been  proposed  for  this  effect:  (1)  One  model  involves  the  depend¬ 
ence  of  the  ion  position  on  the  superexchange  Interaction  that  couples 
the  phonons  to  the  spin  system;31  and  (2)  The  second  model  interprets 
the  effect  as  due  to  the  variation  of  the  d-electron  transfer  energy 
with  lattice  vibrations  and/or  non-diagonal  exchange  Interactions.32 

Finally,  interesting  speculations  have  been  reported  on  the  two 
transitions  In  CuQ >5In0>5Cr2S4  at  160  and  35  K.  The  transition  to 
paramagnetism  takes  place  at  160  K,  whereas  neutron  diffraction  and 
calorimetric  studies  suggest  a  first-order  transition  from  long-range 
magnetic  ordering  to  a  short-range  ordering  with  correlations  up  to 
third  nearest  neighbors.33 

DISCUSSION 

It  seems  clear  that,  given  the  extensive  literature  developed  on 
the  chromium  chalcogenlde  spinels  the  past  twenty  years,  some  serious 
attempts  to  make  and  study  CdCraOu  and  ZnC^Ot*  must  have  been  made, 
since  obviously  the  2p  states  of  0-2  are  not  greatly  different  than  the 
4p  states  of  Se"2.  The  lack  of  any  reported  studies  on  these  oxide 
spinels  strongly  suggests  that  viable  samples  simply  could  not  be  made. 


and  this  reinforces  our  results  from  ceramic  studies  --  namely,  these 
spinels  will  not  form  unless  the  respective  columbite  phases  are  present 
(e.g.,  CdNb206  must  be  present  for  CdCr204  to  form).  In  any  case,  it  is 
ab sol utely  clear  that  the  spinels  CdC^CK  and  ZnC^Oi*  are  new  materials 
to  investigate,  and  apparently  our  ceramic  techniques  for  making  these 
materials  are  novel. 

The  above  literature  shows  that  there  are  consistent  differences 
between  the  Cd-  and  Zn-containing  chalcogenide  spinels;  for  example, 
CdCr2S4  and  CdCr2Se4  are  ferromagnetic  whereas  ZnCr2S4  and  ZnCr2Se4  are 
anti  ferromagnetic.  We  have  noted  consistent  differences  between  CdCr204 
and  ZnCr204,  as  reported  previously.  One  set  of  experiments  is  note¬ 
worthy  in  this  regard:  In  a  previous  program,34  attempts  were  made  to 
make  the  mixed  spinel  Cdi/2Zni/2Cr204,  and  three  mineralizers  were 
tried:  ZnNb206.  CdNb206,  Cdi/2Zni/2Cr206.  Good  ceramic  bodies  were 
obtained  in  all  cases,  but  subsequent  specific  heat  measurements  failed 
to  show  any  specific  heat  maxima,  6-15  K.  Still  another  attempt  was 
tried  where  ceramic  powders  of  C( 9/1 )  and  D ( 9/1 )  were  Independently 
made,  then  these  powders  were  mixed  in  50:50  ratios,  cold-pressed  into 
pellets  and  fired.  Again,  no  specific  heat  maxima  were  observed  at  low 
temperatures.  These  studies  clearly  showed  that  substituting  Zn2+  for 
Cd^+  in  CdCr204  (or  Cd2+  for  Zn2+  in  ZnCr204)  destroyed  the  magnetic 
ordering.  This  was  an  unexpected  result  because:  (1)  The  Fd3m  lattice 
constants  of  CdCr204  (8.595A)  and  ZnCr204  (8. 328A) 3 5  are  not  much 
different;  (2)  The  ionic  radii  of  Cd2+  (0.97A)  and  Zn2+  (0.74A)  are  not 
much  different;  and  (3)  Both  Zn2+  and  Cd2+  in  these  spinels  have  3d10 
and  4d10  outermost  filled  shells,  as  mentioned  above. 

As  reported  earlier,  the  specific  heat  data  for  CdCr204  and  ZnCr204 
are  consistent  with  anti  ferromagnetic  transitions  at  8.0  and  10.7  K, 


respectively.  This  is  consistent  with  the  Table  I  data  where  in  the 
MO2X4  series  (M  *  Cd,  Zn,  X  =  S,  Se4)  the  trend  is  that  the  smaller 
the  lattice  constant,  the  lower  the  Curie  temperature  and  the  more  fav¬ 
orable  the  anti  ferromagnetic  state.  Thus,  judging  simply  from  the  above 
lattice  constants  for  CdCr204  and  ZnCr204,  one  would  expect  anti  ferro¬ 
magnetic  transitions  at  temperatures  below  the  Curie  temperatures  in 
Table  I.  However,  this  statement  makes  it  even  more  puzzling  why  ZnCr204 
and  CdCr204  do  not  form  an  anti  ferromagnetic  sol  id- solution  series. 

It  Is  worth  noting  from  Table  I  that  the  chalcogenlde  spinels  have 
Curie  temperatures  well  above  the  helium  temperature  range  and  as  such 
are  not  as  practical  as  the  CdCr204  and  ZnCr204  spinels.  These  latter 
spinels  are,  in  fact,  quite  unique  because  of  their  low- temperature 
transitions. 

As  noted  above,  Fe2+  doping  on  the  Cd2+  site  in  CdCr2S4  rai ses 
the  Curie  point.29  This  is  consistent  with  the  trend  in  the  ferro¬ 
magnetic  CdCr2X4  spinels  In  Table  I  as  regards  the  lattice  constants. 

o 

That  is,  as  the  lattice  constant  decreases  (10.72  to  10.24A)  the  Curie 
temperature  increases  (130  to  156  K).  Thus,  since  the  ionic  radius  of 
Fe2+  (0.75A)  is  smaller  than  that  of  Cd2+  (0.97A),  the  Fe2+  doping 
Increases  the  lattice  constant,  thereby  Increasing  the  Curie  temperature. 
Just  the  opposite  effect  takes  place  in  anti  ferromagnetic  ZnCr2X4  spinels 

o 

in  Table  I:  Increasing  the  lattice  constant  (9.21  to  10.50A)  increases 
the  Curie  temperature  (18  to  115  K). 

Some  doping  studies  In  CdCr204  were  attempted  in  a  previous 
program.34  A  1%  Pb2+  doping  on  the  Cd2+  site  slightly  decreased  the 
transition  temperature,  which  argues  for  CdCr204  being  ferromagnetic  by 
the  above  arguments  based  on  the  large  ionic  radius  of  Pb2+  (1.20A). 
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Note  that  this  study  involved  two-phase  CdNb2C>6  +  CdCr204  ceramics,  and 
it  is  uncertain  whether  the  Pb2+  dopant  partitioned  in  the  columbite 
or  spinel  phase. 

A  more  definitive  dopant  was  Fe3+  which  progressively  lowered  the 
8.0  K  transition  in  CdCr20i+  down  to  6.4  K  at  2%  Fe3+.  At  3%  Fe3+,  a 
broad  transition  centered  at  5.95  K  was  obtained,  and  at  4.6  and  6.8%  a 
flat,  featureless  specific  heat  was  obtained.  The  Fe3+  ion  (0.60A)  is 
smaller  than  Cr3+  (0.64A),  so  the  8.0  -*•  6.4  K  lowering  of  the  transi¬ 
tion  temperature  of  CdCr204  by  the  Fe3+  doping  may  be  taken  as  an 
indication  of  an  anti  ferromagnetic  transition.  The  smearing  of  the 
specific  heat  peak  at  higher  Fe^+  levels  may  indicate  a  disruption  of 
the  superexchange  interactions. 

Finally,  our  experimental  studies  to  date  do  not  suggest  any 
significant  semiconduction  processes  in  CdC^Ot,,  based  on  two  observa¬ 
tions:  (1)  Measurements  of  the  dielectric  loss  tangent,  3-16  K,  revealed 
a  small  loss  tangent  (~1%)  which  did  not  show  any  structure  around 
8  K;34  and  (2)  Mixtures  of  CdCr2G4  +  CdNb2C>6  powders  and  glass  powders 
have  been  fired  onto  copper  wires  to  produce  thin  (-0.0005")  coatings; 
coated  wires  have  been  twisted  together  pigtail-fashion,  and  breakdown 
field  strengths  -2000  V /mi  1  have  been  measured  at  77  K.36 
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INTRODUCTION 


This  is  the  sixth  report  in  a  series  devoted  to  the  oxide  spinels 
CdC^Oi*  and  ZnC^Oi*  in  an  effort  to  understand  the  unusually  large 
specific  heats  of  these  materials. 

This  report  deals  with  specific-heat  measurements  made  very  close 
to  the  peaks  in  the  specific  heats  by  an  apparently  novel  calorimetric 
technique.  Data  analyses  are  presented  along  the  lines  of  the  renorma¬ 
lization  group  theory  of  critical  exponents.  The  samples  studied  here 
are  the  same  samples  used  in  the  "master"  runs  reported  previously. 

EXPERIMENTAL  METHODS  AND  RESULTS 

The  CdCr204  and  ZnC^Ot*  spinels  have  specific  heat  maxima  at 
Tn=8.0  and  10.6  K,  respectively.  The  experiments  here  consisted  of 
measuring  the  specific  heats  in  the  range  Tn±2  K. 

Similar  measurements  on  EuTe  and  EuSe  have  recently  been  reported 
based  on  a  pulse  method.1  There  are  two  major  drawbacks  to  the  pulse 
method:  (1)  The  temperature  change  aT  cannot  be  made  arbitrarily  small 
without  introducing  serious  experimental  constraints;  and  (2)  More 
seriously,  the  pulse  method  necessarily  involves  times  scales  (~s)  which 
may  be  undesirably  short  to  sample  critical  phenomena. 

A  drift  method  was  adopted  here  wherein  the  sample  slowly  drifted 
in  temperature  over  the  range  required.  A  variation  of  this  method  has 
been  developed  for  measuring  specific  heats  in  intense  magnetic  fields.2 
A  schematic  illustration  of  the  experimental  arrangement  is  shown  in 
Fig.  1.  The  sample  (1)  is  notched  to  accept  a  carbon-resistor 
thermometer  (2),  and  the  sample  is  suspended  from  a  copper  pin  (3)  by 
two  links  (4  and  5).  The  manganin  link  (4)  is  simply  for  mechanical 


support  whereas  the  copper  link  (5)  is  the  thermal  link,  and  by  varying 
the  length  of  the  latter  link  the  sample  drift  rate  can  be  adjusted 
(Note  that  the  specific  heats  of  the  spinels  are  so  large  that  even  a 
copper  link  can  yield  a  slow  drift).  The  links  (4  and  5)  are  indium- 
soldered  to  the  pin  (3)  which  in  turn  is  bolted  into  a  copper  reservoir 
(6).  This  reservoir  is  mounted  inside  the  adiabatic  shield  of  the 
calorimeter3  and  is  temperature-controlled. 

The  experiment  consists  of  controlling  the  reservoir  (6)  at  about 
Tfj-5  K  and  using  the  sample  heater  (7)  to  bring  the  sample  to  about 
Tfj+2  K.  The  dT/dt  drift  is  initiated  by  de-activating  the  sample 
heater.  Prior  to  the  drift,  the  carbon  resistor  (2)  is  calibrated 
against  a  germanium  thermometer  mounted  in  the  reservoir  at  several 
points  In  the  range  Tn±3  K.  In  the  experiments  here,  the  total  drift 
time  was  adjusted  to  ~2hr;  in  the  Immediate  neighborhood  of  Tfj  the  drift 
rate  was  ~4  rrK/min.  We  remark  that  this  is  a  major  advantage  of  the 
technique  --  dT/dt  slows  considerably  exactly  in  the  range  where  the 
most  data  are  desired. 

All  measurements  were  made  by  four-lead,  dc  potentiometric  methods 
using  battery  supplies.  The  voltage  signal  from  the  carbon  resi stor 
(~30  mV)  was  bucked  potentiometrical ly  such  that  1  mV  was  displayed  on  a 
chart  recorder.  Throughout  the  drift  the  exciting  current  was  contin¬ 
uously  monitored  and  adjusted  to  a  constant  value.  The  germanium 
thermometer  on  the  reservoir  was  also  monitored  continuously,  and  it  was 
found  that  the  reservoir  was  controlled  to  ~  ±  1  mK.  The  dT/dt  drift 
data  were  determined  directly  from  the  chart  recorder  using  the  carbon- 
resistor  calibration. 
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The  drift  experiment  Is  described2 


mCdT/dt  *  -  /  GdT 
T- 


where  G  is  the  thermal  conductance  of  the  dominant  thermal  link  (5  In 


Fig.  1)  and  T„  Is  the  reservoir  temperature.  For  copper,  G*T  so  that 


the  specific  heat  is  given  by 


C  «  -  (T-To )/ ( dC/dt) 


where  the  constant  of  proportional ity  in  Eq.  (2)  Involves  the  dimensions 


of  the  thermal  link,  the  sample  mass,  and  any  scale  factors  involved  in 
determining  the  At's  from  the  chart  trace. 


The  specific  heat  in  Eq.  (2)  includes  the  specific  heats  of  the 
addenda  and  the  columbite  phase  (l.e.,  CdNb206  or  ZnNb206).  However,  in 
the  neighborhood  of  T|j  these  contributions  are  several  orders  of 
magnitude  smaller  than  the  specific  heat  of  the  spinel  phase.  The 
results  of  these  drift  experiments  are  shown  in  Fig.  2.  More  data  were 
measured  than  are  shown  in  Fig.  2,  except  for  CdC^Oi*;  the  latter  drift 


was  terminated  at  7.5  K  due  to  helium  loss  which  resulted  in  an  unstable 


reservoir  temperature.  The  data  plotted  in  Fig.  2  are  simply  the  rhs  of 
Eq.  (2),  and  both  spinels  display  rounding  at  T^  which  is  more  pro¬ 
nounced  for  the  ZnC^Oi,  spinel. 

The  Tn  values  were  determined  graphically  by  plotting  dT/dt  vs.  T 


above  and  below  T^  and  making  a  smooth  extrapolation.  The  results  are 


Tn  *  7.958  and  10.637  K  for  the  CdC^Oi*  and  ZnC^Oi*  spinels,  respect¬ 


ively. 
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DATA  ANALYSES 

The  renonmal izatlon  group  theory  of  critical  exponents  suggests 

that1 

C  *  (A/a) !t|“a  +  Bt  +  E,  T>TN  (3) 

where  t  *  (T-T|j)/Tn.  It  is  usual  to  denote  a  second  set  of  parameters 
for  T^n,1 

C  =  (A" /a"  )  1 1 1 +  B't  +  E'  ,  T<TN.  (4) 

To  gain  some  insight  into  the  nature  of  these  fits  according  to 
Eqs.  (3)  and  (4),  the  drift  data  in  Fig.  2  were  first  plotted  according 
to  the  leading  term  (l.e.,  log  C  vs  log  |t|).  The  tacit  assumption  here 
is  that  near  Tfj  the  Bt  +  E  terms  may  be  small.  These  leading-term  plots 
are  shown  in  Figs.  3  and  4.  The  rounding  of  the  drift  data  are  particu¬ 
larly  evident  In  Figs.  3  and  4;  for  ZnCr204  the  data  are  essentially 
flat  for  Tn±0.4  K.  For  CdCr204  the  data  are  noticably  skewed:  the 
flatness  sets  in  for  T-Tfj  <  0.3  K  for  T>Tn,  but  for  T<Tn  the  flatness 
persists  only  up  to  IT-T^I  <  0.1  K.  This  trend  is  also  evident  in  the 
drift  data  for  CdCr204  in  Fig.  2. 

The  a  and  a'  values  in  Figs,  3  and  4  are  unusually  large 
(~0. 97-1.5)  compared,  say,  to  EuTe  and  EuSe  (~0. 1 ) . 1  Correction  for  the 
Bt  +  E  terms  will  only  Increase  these  critical  exponents,  as  we  shall 
see  below. 

In  the  next  level  of  fittings,  the  Bt  +  E  terms  were  taken  into 
account  as  follows:  The  previously  reported  specific  heat  data  for  the 
CdCr204  and  ZnCr204  spinels  were  plotted  above  Tfj  as  shown  in  Fig.  5, 


and  In  the  temperature  range  2T^  to  30  K  the  data  were  fitted  to  Bt  +  E. 
These  fits  are  also  shown  in  Fig.  5,  and  both  data  sets  follow  the 
linear  relation  very  well.  The  fitted  parameters  are 


CdCr204:  B  *  1.188xl0~2  J  mole_1K"2 
E  *  6.719  J  mole-1*"1 

ZnCr204:  B  -  7.498  x  10-3  j  mole-iK’2  (5) 

E  *  5.077  J  mole-iK-i 

These  coefficients  for  the  two  spinels  are  quite  similar.  Also  shown  in 
Fig.  5  are  two  arrows  indicating  the  minima  in  the  specific  heat  data 
calculated  from  Eq.  (3)  using  the  fitting  parameters.  We  shall  return 
to  this  below. 

The  fitted  Bt+E  data  were  subtracted  from  the  drift  data  to  form 

Cex  »  Cs  -  Bt  -  E  (6) 

where  Cs  is  the  total  spinel  specific  heat.  First,  however,  the  drift 
data  in  Fig.  2  were  scaled  to  the  Cs  data  reported  previously;  since 
this  scaling  was  done  In  the  neighborhood  of  T^  ±  2K  the  corrections  due 
to  the  addenda  and  the  columblte  phase  could  be  Ignored. 

The  data  plotted  according  to  Eq.  (6)  with  the  parameters  in  Eq. 
(5)  are  shown  in  Figs.  6  and  7.  In  constructing  these  plots  we  have  set 
B '  *»  B  and  E'  *  E.  We  note  Immediately  the  similarity  in  the  fitted 
critical  exponents  for  t>0  —  l.e.,  a  3  1.507,  1.502  for  the  CdCr204  and 
ZnCr204  spinels,  respectively.  The  fitted  parameters  for  t>0  are: 


CdCr204:  a  *  1.507,  A  =  86.74  J  mole-i  <0-50? 

ZnCr204:  a  s  1.502,  A  =  100.2  J  mole-1  K0-502 

Again,  It  Is  striking  how  similar  the  fitted  coefficients  are  for  these 
two  spinels. 

As  an  internal  check  on  the  fitting  parameters,  we  note  from  Eq. 
(4)  that  a  minimum  in  Cs  is  predicted  at  defined  by 

ta+1  =  (A/B)  (8) 

m 

Using  the  parameter  data  in  Eqs.  (5)  and  (7),  the  tm's  for  the  two 
spinels  are  easily  found,  and  these  minimum  temperatures  are  indicated 
by  arrows  in  Fig.  5,  as  noted  above.  The  predicted  minima  agree  very 
well  with  the  minima  in  the  data,  and  we  remark  that  the  values 
estimated  from  Eq.  (8)  are  qufte  sensitive  to  a. 

Some  attempts  were  made  to  vary  from  the  values  given  above, 
and  it  was  found  that  ±10  mK  variations  in  had  little  effect  on 
o  *  3/2  for  both  data  sets.  Moreover,  there  is  a  satisfying  convergence 
in  the  Cex  data  in  Figs.  6  and  7  as  |t|  +  0  which  lends  confidence  to 
the  1'n  values  used. 

The  critical  exponents  for  T<T[j  in  Figs.  6  and  7  seem  unrealistic- 
ally  large  (2.22  and  4.28),  so  the  constraints  B ' =B  and  E'*E  were 
relaxed  and  these  T<Tjg  data  were  re-examined.  However,  the  scaling-law 
constraint  that  a'*o  was  imposed  for  T<Tn. 

Considering  the  CdCr204  spinel  first,  we  note  from  Fig.  3  that  the 
uncorrected  drift  data  have  a=1.492.  The  only  way  to  satisfy  the 
constraint  is  to  impose  B'=<E'=<0  and  allow  A'*A.  These  data 

0-59 


are  shown  In  Fig.  8  where  the  T>Tn  data  from  Fig.  6  are  duplicated.  The 
parameters  for  CdCr204  are  then 

CdCr204:  A'  *  31.11  J  mole-1  <0.492 

(9) 

a'  =  1.492  *  a 

For  ZnCr2Q4,  the  Fig.  7  data  clearly  show  that  the  B't+E'  (=Bt+E) 
term  Is  too  large  (In  fact,  Bt+E  becomes  larger  than  Cs  at  about  T^-2 ) . 
The  simplest  solution  Is  to  set  A" "A,  a'*a  and  to  solve  for  B't+E' 
directly  from  the  C$  data.  Actually,  B't+E'eE'’  since  t  Is  small  and 
B<<E,  Eq.  (5).  This  solution  Is  shown  In  Fig.  9,  and  we  find  that 

ZnCr204:  E'  *  0.670  J  mole"1  K"1.  (10) 

DISCUSSION 

The  data  In  Figs.  8  and  9  are  the  summary  plots  from  this  study, 
and  we  find  that  the  specific  heat  data  near  T^  for  the  two  spinels 
can  be  adequately  explained  by  Eqs.  (3)  and  (4)  except  In  the  region 
of  rounding  very  close  to  T^. 

The  data  analyses  strongly  suggest  a*3/2  for  the  following 
reasons:  (1)  The  region  T>T^  yields  very  satisfying  predictions  of  tm 
from  Eq.  (8)  considering  that.  A,  B,  and  o  are  derived  from  two  differ¬ 
ent  fittings;  (2)  Both  spinels  are  descrlbable  by  <**3/2  in  the  region 
T>Tn;  and  (3)  The  data  in  the  region  T<Tjq  for  both  spinels  follow  the 
constraint  a' *a  Imposed  in  accordance  with  the  scaling  laws,  provided 
certain  conditions  are  Imposed  on  the  A",  B' ,  and  E'  coefficients.  It 
is  perhaps  significant  that  for  both  spinels,  B't+E'<Bt+E,  although  this 
does  indicate  a  discontinuity  in  the  "background"  specific  heat. 


It  is  unfortunate  that  the  drift  data  display  rounding  for 
I T— T | < 0 . 3  K  as  this  prevents  an  examination  of  the  scaling  law  over  a 
wide  range  of  lt|  values.  This  rounding  suggests  unusually  long 
correlation  lengths  in  these  spinels;  that  is,  as  the  correlation  length 
becomes  commensurate  with  the  ceramic  grain  size  (~ym),  rounding  of  the 
specific  heat  near  is  expected.  Also,  there  may  be  some  limited 

o  o 

substitution  of  Nb5+  (ionic  radius  0.69A)  on  the  Cr3*  (0.64A)  site  in 
the  spinel,  although  the  previously  reported  studies  indicate  that  the 
columbite  phase  is  excluded  from  the  spinel  phase. 

The  magnitude  of  the  critical  exponent  a  suggested  by  these 
studies  is  difficult  to  reconcile,  since  a  is  related  to  the  dimension¬ 
ality.  The  scaling  result  (2-o)(2-n)  =  yd  and  Wilson's4  e-expansion 
1  ead  to 

a  *  (4-n)e/2(n+8)  -  (n+2 )2 (n+28)ez/4( n+8)3 .  (11) 

For  n=esl,  a=0.08,  in  reasonable  agreement  with  the  o  found  for  EuTe  and 
EuSe.1  However,  in  the  limit  n*0,  a+0.20,  as  an  upper  limit. 

Although  we  have  found  that  a=3/2  satisfactorily  fits  the  experi¬ 
mental  data.  It  may  be  possible  that  critical  phenomena  are  not  involved 
in  these  new  spinels.  It  is  particularly  significant  that  in  zero 
magnetic  field,  the  data  reported  here  and  elsewhere2  show  the  rounding 
evident  in  Fig.  2.  However,  at  7.5  Tesla,  the  specific  heat  peak  at  8  K 
in  CdCr204  does  not  show  rounding. 
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I. 


INTRODUCTION 


In  previous  reports  in  this  sequence,  broad-range  specific  heat 
data  on  the  two-phase  ceramics  C( 9/1 )  and  D(9/l)  have  been  measured  and 
analyzed.  The  analyses  have  focused  on  the  dominant  spinel  phases, 
CdC^Ot,  and  ZnC^On ,  respectively,  which  exhibit  enormous  specific  heat 
maxima  at  8  and  10.5  K.  The  specific  heat  analyses  gave  strong  evidence 
for  anti ferrimagnetic  phase  transitions  of  lower  than  first  order. 

A  critical  test  of  this  finding  is  to  measure  magnetocaloric 
effects  well  below  the  transition  temperature:  for  an  anti ferrimagnet, 
one  expects  adiabatic-magnetization  cooling  and  adiabatic-demagnetiza¬ 
tion  heating.  This  report  documents  magnetocaloric  measurements  on 
these  materials  in  the  range  3-5  K  and  some  analyses  of  these  data  along 
phenomenological  lines,  together  with  conclusions. 

II.  EXPERIMENTAL  METHODS  AND  RESULTS 

The  same  ceramic  samples  of  C( 9/1 )  and  D(9/l)  were  fixtured  for 
the  magnetocaloric  measurements  [performed  at  the  National  Magnet  Lab 
(MIT)].  Carbon-chip  thermometers  were  embedded  in  grooves  in  the  two 
samples,  and  the  samples  were  suspended  from  the  reservoir  on  long  time- 
constant  thermal  links  (t  =  10  min.  at  -  4  K).  The  Bitter  magnet  was 
ramped  to  and  from  fields  <  10  T  in  times  <  30  s,  and  since  At/2r  <  10"2, 
the  experiments  were  essentially  adiabatic.  The  carbon  -thermometers 
were  measured  by  the  standard  four-lead,  d.c.  -  potentiometric  method, 
and  the  magnetoresi stance  of  the  thermometers  was  taken  into  account 
using  a  CeramPhysics  correction  procedure. 

The  voltage  output  from  the  thermometer  (~  30  mV)  was  bucked  using 
a  battery-dri ven  potentiometer  (~  28  mV),  and  the  residual  signal 
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2  mV)  was  displayed  on  a  calibrated  strip-chart  recorder.  As  the 
field  was  ramped  0  ♦  H  *  0,  the  corresponding  changes  in  the  thermometer 
voltage  were  measured  on  the  chart  recorder  and  subsequently  converted 
to  temperature  changes.  At  higher  H-fields,  proportionally  larger 
changes  were  recorded  on  the  chart  recorder  (i.e.,  the  bucking  voltage 
was  reduced  and  larger  chart  scales  were  used). 

The  experiments  here  were  done  at  two  fixed  reservoir  tempera¬ 
tures:  4.3  and  3.0  K.  The  former  case  corresponds  to  liquid-helium 
immersion,  the  latter  case  to  pumping  on  the  helium  bath  through  a 
manostat.  These  conditions  were  chosen  to  avoid  electronically  con¬ 
trolling  the  reservoir  temperature  which  is  somewhat  more  difficult 
(but  certainly  possible  for  future  measurements). 

The  temperature  changes  aT  were  computed  for  both  up-ramps  (0  ♦  H) 
and  down-ramps  (H  -  0)  for  about  20  H-fields  up  to  10  T .  Both  samples 
at  both  temperatures  displayed  magnetization  heating  and  demagneti  zati  on 

cool ing. 

There  are  two  considerations  in  handling  the  AT-data:  (1)  The 
addenda,  and  (2)  The  irreversible  or  hysteretic  component.  These  were 
handled  as  follows: 

The  temperature  change  of  the  sample  (i.e.,  the  spinel  CdC^Oi,, 
for  example),  is  given  by 


4^sampl  e  =  ^T^eas 


=  ATmoac  (1  +  Ca/^0 


where  Ca  and  Cs  are  the  heat  capacities  of  the  addenda  and  of  the 
sample,  respectively.  In  this  case,  the  columblte  phase  (e.g.,  CdNb20b) 
is  also  included  in  the  addenda.  From  our  previous  studies,  the 
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columbite  heat  capacity  is  ~  0.02%  of  the  spinel  heat  capacity,  and  the 
remaining  addenda  (thermometer,  wires,  varnish,  etc.)  constitute  <  0.5%. 
Therefore,  the  measured  temperature  changes  are  practically  identical  to 
the  temperature  changes  of  the  spinel  phase. 

The  temperature  change  has  two  components:  the  reversible  part, 
ATrev,  and  the  irreversible  part,  ATirrev,  where  ATrev  depends  on  the 
sign  of  aH  whereas  aT^ rrev  does  not.  Therefore,  the  difference  in  the 
aT's  for  up  and  down  ramps  provides  a  measure  of  ATirrev,  which  then 
allows  a  determination  of  ATrev. 

For  both  CdCr204  and  ZnCr204,  the  irreversible  component  was  <  2% 
of  the  reversible  component  and  often  ~  0.2%.  Although  AT-jrrev  was 
always  posi ti ve,  there  was  no  apparent  scaling  with  H  for  either 
spinel,  as  expected  if  truly  hysteretic  behavior  were  involved.  This 
small  asymmetry  may  be  inherent  in  the  measurement  since  the  sample 
temperature  at  the  end  of  the  down  ramp  did  not  return  exactly  to  the 
value  at  the  beginning  of  the  up  ramp  (due  to  some  decay  in  the  temper¬ 
ature  at  full  field  while  data  were  recorded). 

For  both  spinels  at  both  temperatures,  theAT's  were  reproducible 
and  were  not  influenced  by  the  sample  having  seen  much  larger  H-fields. 
The  reversible  temperature  changes,  ATrev,  for  the  CdCr204  and  ZnC^Oi, 
spinels  are  shown  in  Figs.  1  and  2,  respectively.  The  average  tempera¬ 
tures  shown  are  the  mean  temperatures  for  all  the  events  shown.  For 
example,  for  CdCr204  at  3.15  K,  the  average  temperatures  per  event 
ranged  from  2.83  K  (at  0.8  T)  to  3.39  K  (at  9.2  T). 

The  fixturing  of  the  samples  for  the  magnetocaloric  measurements 
lent  itself  to  specific-heat  measurements  in  intense  magnetic  fields  by 
the  drift  method.  In  this  technique,  the  reservoir  is  stabilized  at 
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~  2  K  and  the  sample  heater  is  used  to  bring  the  sample  to  ~  6  K.  The 
heater  is  then  deactivated,  and  as  the  sample  slowly  drifts  in  tempera¬ 
ture  down  to  the  reservoir  temperature,  the  drift  rate  dT/dt  is  auto¬ 
matically  monitored  using  a  computerized  data  acquisition  system. 

Specific  heat  data  as  a  function  of  magnetic  field  for  CdCr204  at 
3.15  and  4.46  K  (i.e.,  the  average  temperatures  in  Fig.  1)  are  shown  in 
Fig.  3.  The  corresponding  data  for  ZnCr204  are  shown  in  Fig.  4.  These 
data  are  disappointing  for  a  fundamental  thermodynamic  reason:  The 
demagnetization-cooling  data  in  Figs.  1  and  2  demand  that  the  specific 
heat  decrease  in  an  intense  magnetic  field,  yet  this  requirement  is  not 
obvious  in  Figs.  3  and  4.  These  results  cast  some  doubt  on  our  specific 
heat  method.  Nonetheless,  it  is  clear  that  the  effect  of  an  intense 
magnetic  on  the  specific  heats  of  these  spinels  is  relatively  small 
since  the  method  would  certainly  reveal  gross  effects. 

The  magnetizations  of  samples  of  C( 9/1 )  and  D(9/l)  at  4.2  K  were 
measured  at  the  Westinghouse  R&D  Center,  and  the  magnetization  per  unit 
mass  of  spinel  is  shown  in  Fig.  5  for  the  CdCr204  and  ZnCr204  spinels. 
Here  surprising  results  were  obtained:  both  spinels  are  linear  magnetic 
materials,  M  «  H  up  to  large  fields  (6.6  T). 

in.  DISCUSSION 

The  thermodynamic  relations  can  be  sketched  for  these  spinels, 
starting  with  the  TdS  equation 

TdS  *  mCHdT  +  n0mT  ( 3 M/ 3 T ) H  dH  (1) 
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where  M  is  the  magnetization  per  unit  mass.  The  data  in  Fig.  5  show 
that  the  materials  behave  as  1  inear  paramagnets  at  4.2  K. 


M  =  kf(T)H  (2! 

where  k  is  a  constant  (see  below)  and  the  T-dependence  is  contained  in 
f(T)  te.g.,  for  a  Curie  material,  f(T)  <*  T"1].  The  Fig.  5  data  allow 
the  convenient  separation  of  the  T  and  H  variables  given  in  Eq.  (2). 

Wri  ti  ng 

Ch(T)  =  C0(T)/g(H)  O: 

allows  an  integral  separation  of  Eq.  (1)  under  adiabatic  conditions, 


Tf ' (T) 


-Wok  /  g(H)HdH 

Hi 


wehre  f‘  =  df/dT.  Thus,  in  principle,  the  adiabatic  magnetization/ 
demagnetization  data  in  Figs.  1  and  2  and  the  magnetization  data  in 
Fig.  5  can  be  correl ated  according  to  Eq.  (4). 

Several  numerical  attempts  were  made  to  solve  Eq.  (4)  using  the 
experimental  data  [e.g.,  by  setting  g(H)  ■  1  and  f(T)  <*  Tn] ,  but  these 
attempts  led  to  inclusive  results. 

The  following  approach  was  therefore  taken:  The  specific  heat 
data  in  Figs.  3  and  4  suggest  that  g(H)  ■  1  in  Eq.  (3),  so  that  the 
differential  form  of  Eq.  (1)  becomes 


C0dT  *  -  Tkf'HdH 


*,  /.  % 


where  u0  has  been  set  equal  to  unity.  If  f(T)  at  4.2  K  is  set  equal  to 
unity,  then  k  can  be  evaluated  directly  from  Fig.  5  for  CdC^On 
(k  *  1.40  emu  g'1  T"1 )  and  for  ZnCr204  (k  =  0.521). 

Now,  the  ATrev  data  in  Figs.  1  and  2  yield  a  set  of  Tf  v^.  H  data, 
since  T-j  is  essentially  constant  for  each  data  set,  and  these  data  yield 
f‘(T)  from  Eq.  (5)  using  the  previously  reported  C0(T)  data.  That  is, 
in  each  interval  Tf  =  Ti+ATrev  corresponding  to  AH  in  Figs.  1  and  2,  f1 
can  be  determined  at  the  mean  temperature  of  that  interval  using  the 
appropriate  C0  specific  heat  at  that  mean  temperature.  The  f 1 (T )  data 
determined  in  this  fashion  for  both  CdCr204  and  ZnCr204  are  shown  in 
Fig.  6. 

In  judging  the  f 1 ( T )  data  in  Fig.  6,  it  must  be  realized  that  a 
great  deal  of  experimental  data  were  employed  in  arriving  at  these 
results  (i.e.,  the  mag/demag  data  in  Figs.  1  and  2,  the  magnetization 
data  in  Fig.  5,  and  the  specific  heat  data  in  Figs.  3  and  4  and  reported 
previously).  Moreover,  in  writing  Eq.  (2)  we  have  assumed  that  f ’ ( T ) 
is  the  same  for  both  CdCr204  and  ZnCr204. 

The  Fig.  6  data  show  three  features:  (1)  f’(T)  is  approximately 
the  same  for  both  spinels;  (25  f’ (T)  displays  an  extremely  strong  T- 
dependence,  as  illustrated  in  Fig.  6;  and  (3)  f 1 ( T )  shows  a  strong 
di sconti nui ty  between  the  two  temperature  ranges  in  Fig.  6.  This 
extreme  discontinuity  is  relatively  insensitive  to  assumptions  made 
regarding  g(H)  in  Eq.  (3). 

IV.  CONCLUSIONS 

The  data  presented  here  add  to  the  mystery  surrounding  the  physics 
of  these  spinels.  First,  both  spinels  have  undergone  transitions  at 


higher  temperatures  (8.0  and  10.5  for  CdC^Oi*  and  ZnCraCK  ,  respectively), 
and  enormous  specific  heat  maxima  are  associated  with  these  transitions, 
suggesting  that  few  degrees  of  freedom  remain  below  these  temperatures. 
Yet,  at  temperatures  ~  1/2  -  1/3  of  these  transition  temperatures, 
substantial  degrees  of  freedom  are  available  as  evidenced  by  the  magneti¬ 
zation/demagnetization  temperature  changes  in  Figs.  1  and  2. 

Note  in  this  regard  that  at  3-5  K  the  specific  heats  cf  these 
spinels  are  still  very  large,  which  limits  the^T's  by  5q.  (5).  For 
example,  if  these  specific  heats  were  on  the  order  of  magnitude  of 
metallic  Pb  (which  is  still  very  large),  the  temperatu-e  drops  would  be 
~  100%  (i.e.,  to  about  absolute  zero). 

We  had  previously  concluded  for  both  of  these  spinels  from  analyses 
of  specific  heat  data  that  anti ferrimagnetic  transitions  had  occurred  at 
8.0  and  10.5  K.  The  evidence  here  was  as  follows:  Debye  temperatures 
determined  at  higher  temperatures  (20-40  K)  were  consistent  with 
predictions  from  the  Lindemann  relation,  and  these  Debye  temperatures 
strongly  indicated  the  presence  of  anti ferrimagnetic  spin  waves  below 
~  5  K.  Yet,  as  mentioned  above,  if  anti ferrimagneti c  states  were 
involved,  mangeti zation  cool ing  and  demagnetization  heati ng  would  have 
been  observed,  rather  than  the  opposite  as  has  been  observed. 

At  3-5  K,  these  spinels  act  as  paramagnetics,  as  if  the  higher 
temperature  transitions  had  not  occurred:  (1)  The  spinels  are  1 i near 
paramagnets  with  no  evidence  of  hysteresis  effects  either  in  the  M-H 
behavior  (Fig.  5)  or  in  the  magnetization/demagnetization  data 
(Figs.  1,2);  and  (2)  The  spinels  display  large,  classic  adiabatic-demag¬ 
netization  cooling  effects. 


D-  79 


Our  approach  is,  by  necessity,  an  experimental  approach,  and  it  is 
clear  that  the  next  step  is  to  sharpen  the  specific-heat  data.  Clearly, 
knowing  g(H)  in  Eq.  (3)  would  allow  a  closed-form  solution  of  Eq.  (4). 

The  "noise"  in  the  specific  heat  data  can  be  reduced/ el iminated  by 
employing  the  following  techniques:  (1)  Copper-wire  thermal  links  have 
been  employed,  which  require  a  magnetothermal  resistance  correction; 
using  manganin  thermal  links  would  eliminate  the  correction  factor  but 
would  require  longer  experimental  times;  (2)  Using  capacitance  thermo¬ 
metry  would  eliminate  the  magnetoresi stance  correction  for  the  carbon- 
chip  thermometers,  but  only  one  sample  at  a  time  could  be  measured  due  to 
the  unavoidable  "cross-talk"  noise  between  transformer-ratio-arm 
bridges:  and  (31  If  small  temperature  ranges  were  focused  on  (e.g., 

2-4  K),  experimental  accuracy  would  be  greatly  improved  because  thermo¬ 
metry  calibrations  would  be  simplified  and  scale  changes  would  be 
avoided. 

Nonetheless,  it  is  doubtful  if  these  minor  experimental  modifica¬ 
tions  will  have  much  effect  on  the  qualitative  results  in  Fig.  6. 

Namely,  f(T)  «  T'n  where  11  <  n  <  27.  This  state- function  temperature 
dependence  is  difficult  to  resolve  in  view  of  existing  theories. 

Clearly,  M-H  magnetization  data  for  a  series  of  temperatures  are  needed 
to  resolve  these  findings,  since  from  Eq.  (2)  f(T)  is  found  directly 
from  magnetization  data. 
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In  the  first  report  in  this  series  (Spinal  Studies,  I.  Broad  Temperature 
Range  Thermal  Measurements,  Sept.  2,  1983),  thermal  conductivity  measurements  from 
2-30  K  were  reported  on  the  two-phase  ceramics  C( 9/1 )  and  0(9/1).  The  major 
phases  in  these  materials  are  the  spinels  CdCr204and  ZnCr204,  respectively. 

These  thermal  conductivity  data  are  shown  here  in  Fig.  1,  and  the  major 
features  are  the  maxima  in  K  at  6.2  and  10.0  K  in  the  CdCr204  and  ZnCr204 
spinels,  respectively.  The  arrows  in  Fig.  1  indicate  the  transition  tempera¬ 
tures  (i.e.,  specific  heat  maxima).  The  tentative  explanation  put  forward  was 
that  the  excess  thermal  conductivity  is  associated  with  the  magnetically 
ordered  state. 

Pursuing  this  suggestion  further,  the  magnetic- field  dependence  of  this 
excess  thermal  conductivity  was  measured  at  the  National  Magnet  Laboratory  on 
the  same  samples  used  in  the  Fig.  1  measurements.  The  "two-heater,  one- 
thermometer"  method  was  employed  which  has  the  advantage  that  only  one  therm¬ 
ometer  calibration  is  involved.  Carbon-chip  thermometers  were  attached  to  the 
free  ends  of  the  samples  and  were  calibrated  in  situ  at  zero  field  against  a 
calibrated  Ge  thermometer.  The  magnetoresistance  of  the  thermometers  was 
carefully  taken  into  account,  and  both  the  heaters  and  thermometer  leads  were 
wrapped  bifilarly  on  the  samples.  Four-lead,  d.c.  potentiometric  methods 
were  used  to  measure  the  thermometers. 

To  examine  the  excess  thermal  conductivities  in  the  CdCr  0,  and  ZnCr.O, 
spinels,  thermal  conductivity  measurements  in  intense  fields  were  performed 
at  temperatures  at,  or  slightly  below,  the  temperatures  of  the  maxima  in  K  in 
Fig.  1.  These  data  are  shown  in  Fig.  2  where  the  ZnCr204  was  measured  at 
10. I  K,  the  CdCr204  spinel  at  5.0  K.  The  difference  in  the  zero-field  data 
between  Figs.  1  and  2  (~  ±  10%)  is  due  to  the  uncertainty  in  the  A /i  ratio 
(~  ±  5%  for  each  set) . 
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The  thermal  conductivity  of  ZnCr204  is  apparently  insensitive  to 
H-fields,  and  the  average  value  is  plotted  in  Fig.  2.  By  contrast,  the  K  of 
CdCr204  is  linearly  suppressed  by  a  magnetic  field,  and  the  least-squares  fit 
is  shown  in  Fig.  2,  according  to  which  (3K/3H)^  =  -  4.73  x  10"3  mW  cm-1  K"1 
(i.e.,  (3tnK/3H)T  =  -  1.02%  T"1). 

Experimental  circumstances  unfortunately  preventing  measuring  more  data 
on  the  ZnCr204  spinel,  but  the  existing  data  to  15  T  definitely  indicate  a 
very  minor,  or  non-existent,  H-field  dependence.  For  example,  i f  ZnCr20,| , 
had  the  same  relative  dependence,  3 jtnK/a H ,  as  CdCr201+,  then  K  would  be 
suppressed  from  2.75  to  2.35  mW  cm"1  K"1  between  0  and  15  T  (compare  with  Fig. 
2). 


The  suppression  of  K  with  intense  fields  for  CdCr204  supports  the 
suggestion  that  the  excess  thermal  conductivity  below  the  transition  tempera¬ 
ture  is  magnetic  in  origin.  The  picture  then  is  that  the  thermal  conductivity 
would  follow  the  dashed  line  in  Fig.  1  for  CdCr204  if  no  transition  has 
occurred.  From  the  dashed  curve,  the  thermal  conductivity  at  5  K  is 
=  0.26  mW  cm"1  K"1 ,  so  the  excess  thermal  conductivity  is  *  0.23  mW  cm"1  K"1 . 
From  the  slope  of  the  K-H  plot  in  Fig.  2,  it  is  estimated  that  a  field  of 
=  50  T  would  be  required  to  "quench"  this  excess  thermal  conductivity  in 


CdCr204. 
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columbite  heat  capacity  is  ~  0.02%  of  the  spinel  heat  capacity,  and  the 
remaining  addenda  ( thermometer ,  wires,  varnish,  etc.)  constitute  <  0.5%. 
Therefore,  the  measured  temperature  changes  are  practically  identical  to 
the  temperature  changes  of  the  spinel  phase. 

The  temperature  change  has  two  components:  the  reversible  part, 

A Trev •  and  the  irreversible  part,  AT^rrev,  where  ATrev  depends  on  the 
sign  of  aH  whereas  a T^ rrev  does  not.  Therefore,  the  difference  in  the 
At's  for  up  and  down  ramps  provides  a  measure  of  AT^rrev,  which  then 
allows  a  determination  of  ATrev. 

For  both  Cd(>2Q4  and  Zn(>204  ,  the  irreversible  component  was  <  2% 
of  the  reversible  component  and  often  ~  0.2%.  A1  though  a T-j rrev  was 
always  posi ti ve,  there  was  no  apparent  seal i ng  with  H  for  either 
spinel,  as  expected  if  truly  hysteretic  behavior  were  involved.  This 
small  asymmetry  may  be  inherent  in  the  measurement  since  the  sample 
temperature  at  the  end  of  the  down  ramp  did  not  return  exactly  to  the 
value  at  the  beginning  of  the  up  ramp  (due  to  some  decay  in  the  temper¬ 
ature  at  full  field  while  data  were  recorded). 

cor  both  spinels  at  both  temperatures ,  theAT's  were  reproducible 
and  were  not  influenced  by  the  sample  having  seen  much  1 arger  H-fields. 
The  reversible  temperature  changes,  ATrev,  for  the  CdCr204  and  ZnC^Ot, 
spinels  are  shown  1 n  Figs.  1  and  2,  respecti vely .  The  average  tempera¬ 
tures  shown  are  the  mean  temperatures  for  all  the  events  shown.  For 
example,  for  CdO204  at  3.15  K ,  the  average  temperatures  per  event 
ranged  from  2.83  K  (at  0.8  T)  to  3.39  K  (at  9.2  T). 

The  fixturing  of  the  samples  for  the  magnetocal oric  measurements 
lent  itself  to  SDeci tic-heat  measurements  in  intense  magnetic  fields  by 
the  drift  method.  In  this  technique,  the  reservoir  is  stabilized  at 


-  2  K  and  the  sample  heater  is  used  to  bring  the  sample  to  ~  6  K.  The 
heater  is  then  deactivated,  and  as  the  sample  slowly  drifts  in  tempera¬ 
ture  down  to  the  reservoir  temperature,  the  drift  rate  dT/dt  is  auto¬ 
matically  monitored  using  a  computerized  data  acquisition  system. 

Specific  heat  data  as  a  function  of  magnetic  field  for  CdC^Ou  at 
3.15  and  4.46  K  (i.e.,  the  average  temperatures  in  Fig.  1)  are  shown  in 
Fig.  3.  The  corresponding  data  for  ZnC^Oi,  are  shown  in  Fig.  4.  These 
data  are  disappointing  for  a  fundamental  thermodynamic  reason:  The 
demagnetization-cooling  data  in  Figs.  1  and  2  demand  that  the  specific 
heat  decrease  in  an  intense  magnetic  field,  yet  this  requirement  is  not 
obvious  in  Figs.  3  and  4.  These  results  cast  some  doubt  on  our  specific 
heat  method.  Nonetheless,  it  is  clear  that  the  effect  of  an  intense 
magnetic  on  the  specific  heats  of  these  spinels  is  relatively  small 
since  the  method  would  certainly  reveal  gross  effects. 

The  magnetizations  of  samples  of  C(9/l)  and  D(9/l)  at  4.?  K  were 
measured  at  the  Westinghouse  R&D  Center,  and  the  magnetization  per  unit 
mass  of  spinel  is  shown  in  Fig.  5  for  the  CdCr204  and  ZnCr204  spinels. 
Here  surprising  results  were  obtained:  both  spinels  are  1  inear  magnetic 
materials,  V  a  H  ud  to  large  fields  (6.6  T). 

: : ! .  discussion 

Tne  thermodynamic  relations  can  be  sketched  for  these  spinels, 
starting  w’ tn  the  TdS  equation 

TdS  -  mCnd''  +  „ QmT  !?v/?t)h  dH  (1) 


D-93 


where  M  is  the  magnetization  per  unit  mass.  The  data  in  Fig.  5  show 
that  the  materials  behave  as  1  inear  paramagnets  at  4.2  K. 


M  =  kf(T)H 


(2) 


where  k  is  a  constant  (see  below)  and  the  T-dependence  is  contained  in 
f(T)  [e.g.,  for  a  Curie  material,  f(T)  T"1].  The  Fig.  5  data  allow 
the  convenient  separation  of  the  T  and  H  variables  given  in  Eq.  (2). 

Wri  ti  ng 

Ch(T)  =  C0(T)/g(H)  (3 

allows  an  integral  separation  of  Eq.  (1)  under  adiabatic  conditions, 


...QojJ— 

Tf '  (T) 


Hf 

u0k  j  g(  H  )HdH 
Hi 


(4 


wehre  f'  =  df/dT.  Thus,  in  principle,  the  adiabatic  magnetization/ 
demagnetization  data  in  Figs.  1  and  2  and  the  magnetization  data  in 
Fig.  5  can  be  correlated  according  to  Eq.  (4). 

Several  numerical  attempts  were  made  to  solve  Eq.  (4)  using  the 
experimental  data  [e.g.,  by  setting  g(H)  «=  1  and  f(T)  Tn] ,  but  these 
attempts  led  to  inclusive  results. 

The  following  approach  was  therefore  taken:  Ti  specific  heat 
data  in  Figs.  3  and  4  suggest  that  g(H)  »  1  in  Eq.  (3),  so  that  the 
differential  form  of  Eq.  (1)  becomes 


C0dT  -  -  Tkf'HdH 


(5) 
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where  uo  has  been  set  equal  to  unity.  If  f(T)  at  4.2  K  is  set  equal  to 
unity,  then  k  can  be  evaluated  directly  from  Fig.  5  for  CdC^CK 
(k  =  1.40  emu  g-1  T'1  )  and  for  ZnCr204  (k  =  0.521). 

Now,  the  ATrev  data  in  Figs.  1  and  2  yield  a  set  of  If  vjs.  H  data, 
since  Tj  is  essentially  constant  for  each  data  set,  and  these  data  yield 
f’(T)  from  Eq.  (5)  using  the  previously  reported  C0(T)  data.  That  is, 
in  each  interval  Tf  =  Tj+ATrev  corresponding  to  AH  in  Figs.  1  and  2,  f1 
can  be  determined  at  the  mean  temperature  of  that  interval  using  the 
appropriate  C0  specific  heat  at  that  mean  temperature.  The  f’(T)  data 
determined  in  this  fashion  for  both  CdCr204  and  ZnCr204  are  shown  in 
Fig.  6. 

In  judging  the  f’ (T)  data  in  Fig.  6,  it  must  be  realized  that  a 
great  deal  of  experimental  data  were  employed  in  arriving  at  these 
results  (i.e.,  the  mag/demag  data  in  Figs.  1  and  2,  the  magnetization 
data  in  Fig.  5,  and  the  specific  heat  data  in  Figs.  3  and  4  and  reported 
previously).  Moreover,  in  writing  Eq.  (2)  we  have  assumed  that  f 1  ( T ) 
is  the  same  for  both  CdCr204  and  ZnCr204. 

The  Fig.  6  data  show  three  features:  (1)  f 1 ( T )  is  approximately 
the  same  for  both  spinels;  (2)  f’(T)  displays  an  extremely  strong  T- 
dependence,  as  illustrated  in  Fig.  6;  and  (3)  f'(T)  shows  a  strong 
di sconti nui ty  between  the  two  temperature  ranges  in  Fig.  6.  This 
extreme  discontinuity  is  relatively  insensitive  to  assumptions  made 
regarding  g(H)  in  Eq.  (3) . 

IV.  CONCLUSIONS 

The  data  presented  here  add  to  the  mystery  surrounding  the  physics 
of  these  spinels.  First,  both  spinels  have  undergone  transitions  at 
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higher  temperatures  (8.0  and  10.5  for  CdCr20<*  and  ZnCr20<, ,  respecti vely ) , 
and  enormous  specific  heat  maxima  are  associated  with  these  transitions, 
suggesting  that  few  degrees  of  freedom  remain  below  these  temperatures. 
Yet,  at  temperatures  ~  1/2  -  1/3  of  these  transition  temperatures, 
substantial  degrees  of  freedom  are  available  as  evidenced  by  the  magneti¬ 
zation/demagnetization  temperature  changes  in  Figs.  1  and  2. 

Note  in  this  regard  that  at  3-5  K  the  specific  heats  of  these 
spinels  are  still  very  large,  which  limits  the^T's  by  Eq.  (5).  For 
example,  if  these  specific  heats  were  on  the  order  of  magnitude  of 
metallic  Pb  (which  is  still  very  large),  the  temperature  drops  would  be 
~  100%  ( i . e . ,  to  about  absolute  zero). 

We  had  previously  concluded  for  both  of  these  spinels  from  analyses 
of  specific  heat  data  that  anti ferrimagnetic  transitions  had  occurred  at 
8.0  and  10.5  K.  The  evidence  here  was  as  follows:  Debye  temperatures 
determined  at  higher  temperatures  (20-40  K)  were  consistent  with 
predictions  from  the  lindemann  relation,  and  these  Debye  temperatures 
strongly  indicated  the  presence  of  anti ferrimagnetic  spin  waves  below 
~  5  K.  Yet,  as  mentioned  above,  if  anti ferrimagneti c  states  were 
involved,  mangeti zation  cool i ng  and  demagnetization  heati ng  would  have 
been  observed,  rather  than  the  opposite  as  has  been  observed. 

At  3-5  K ,  these  spinels  act  as  paramagnetics,  as  if  the  higher 
temperature  transitions  had  not  occurred:  (1)  The  spinels  are  linear 
paramagnets  with  no  evidence  of  hysteresis  effects  either  in  the  M-H 
behavior  (Fig.  5)  or  in  the  magneti zation/demagneti zation  data 
(Figs.  1,2);  and  (2)  The  spinels  display  large,  classic  adiabatic-demag¬ 
netization  cooling  effects. 
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Our  approach  is,  by  necessity,  an  experimental  approach,  and  it  is 
clear  that  the  next  step  is  to  sharpen  the  specific-heat  data.  Clearly, 
knowing  g(H)  in  Eq.  (3)  would  allow  a  closed-form  solution  of  Eq.  (4). 

The  "noise"  in  the  specific  heat  data  can  be  reduced/eliminated  by 
employing  the  following  techniques:  (1)  Copper-wire  thermal  links  have 
been  employed,  which  require  a  magnetothermal  resistance  correction; 
using  manganin  thermal  links  would  eliminate  the  correction  factor  but 
would  require  longer  experimental  times;  (2)  Using  capacitance  thermo¬ 
metry  would  eliminate  the  magnetoresistance  correction  for  the  carbon- 
chip  thermometers,  but  only  one  sample  at  a  time  could  be  measured  due  to 
the  unavoidable  "cross-talk"  noise  between  transformer-ratio-arm 
bridges:  and  (3)  If  small  temperature  ranges  were  focused  on  (e.g., 

2-4  K),  experimental  accuracy  would  be  greatly  improved  because  thermo¬ 
metry  calibrations  would  be  simplified  and  scale  changes  would  be 
avoided. 

Nonetheless,  it  is  doubtful  if  these  minor  experimental  modifica¬ 
tions  will  have  much  effect  on  the  qualitative  results  in  Fig.  6. 

Namely,  f(T)  T"n  where  11  <  n  <  27.  This  state- function  temperature 
dependence  is  difficult  to  resolve  in  view  of  existing  theories. 

Clearly,  M-H  magnetization  data  for  a  series  of  temperatures  are  needed 
to  resolve  these  findings,  since  from  Eq.  (2)  f(T)  is  found  directly 
from  magnetization  data. 
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This  is  the  eleventh  report  in  a  series  of  studies  of  the  new 
spinels  CdCr204  and  ZnCr204. 

As  these  studies  have  progressed  it  has  become  increasingly  clear 
that  a  serious  contradiction  exists  in  our  basic  concepts  of  these 
spinels.  Namely,  there  is  strong  evidence  that  the  huge  specific  heat 
maxima  at  8  and  10.5  K  are  due  to  anti ferrimagnetic  ordering  of  Cr3+ 
spins;  in  contrast,  the  magnetocaloric  data  well  below  8  K  show  definite 
paramagneti c  behavior.  These  contradictory  findings  can  be  qualita¬ 
tively  resolved  by  assuming  that  some  fraction  of  the  Cr3+  spins  partake 
in  the  anti ferrimagnetic  ordering  and  that  the  balance  of  the  spins 
remain  unordered  and  therefore  paramagnetic. 

This  viewpoint  Is  appealing  theoretically,  and  the  purpose  of  this 
report  is  to  re-examine  some  of  the  experimental  data  according  to  this 
hypothesis.  We  state  first  the  basic  assumption:  Each  molecule  of  the 
spinel  has  two  Cr3+  spins,  and  we  write  nA  for  the  fraction  of  anti fer- 
rimagnetical ly-ordered  spins  and  np  for  the  remaining,  paramagnetic 
spins,  where  nA  +  np  =  2.  This  model  ignores  coupling  between  the  two 
spin  systems. 

These  two  spin  densities  are  obtained  directly  from  the  magnetic 
entropy  associated  with  the  specific  heat  maxima  of  the  two  spinels, 
which  were  determined  previously  from  analyses  of  specific  heat  data: 

Sn,  =  6.939  x  105  and  5.109  x  10s  erg  g- 1  K"1  for  CdCr204  and  ZnCr204, 
respectively.  Using  the  basic  relation 

Sm=nAR£n(2s+l)  (1) 
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and  the  free-ion  Cr3+  spin,  s  =  3/2,  we  immediately  have 

CdCr20lf:  nA  =  1.688,  np  =  0.312 
ZnCr204:  nA  =  1.035,  np  =  0.965 


(2) 


There  is  a  good  reason  for  using  s  =  3/2  in  Eq.  (1);  namely,  it  is 
commonly  found  in  similar  magnetic  systems  that  the  orbital  angular 

3 

momentum  for  d  electrons  is  quenched  by  crystalline  electric  fields. 

We  note  also  that  if  we  set  nA  =  2  in  Eq.  (1),  as  was  done  previously, 
we  obtain  spins  s  =  1  and  1/2  whereas  one  expects  s  >  3/2  (i.e.,  if  the 
orbital  momentum  is  not  quenched,  s  increases).  - 

Thus,  in  this  picture,  84.4%  of  the  Cr3+  spins  in  CdCr204  order  at 
8  K,  51.7  %  in  ZnCr204  at  10.5  K,  and  this  immediately  explains  why  the 
height  of  the  specific  heat  maximum  for  CdCr204  is  about  50%  larger 
than  that  for  ZnCr204  (based  on  a  C/3R  comparison,  see  Fig.  6  of  Spinel 
Studies,  II). 

Turning  next  to  the  anti ferrimagnetic  spin-wave  contribution  to 
the  specific  heat  resolved  at  the  lowest  temperatures, 

Csw  =  canA  R  (kT/2J ’s)3,  (3) 

it  will  be  recalled  that  this  term  is  experimentally  indistinguishable 

3 

from  the  T  Debye  term,  and  in  our  cases  here  was  inferred  from 
unrealistically  small,  fitted  (effective)  Debye  temperatures.  Setting 
the  geometric  factor  ca  equal  to  unity  in  Eq.  (3),  using  the  nA's  in 
Eq.  (2)  and  s  =  3/2,  we  find  for  the  exchange  constants 
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These  results  are  very  satisfying  compared  to  our  previously  reported 
exchange  constants  which  differed  by  a  factor  of  3  1/2  [i.e.,  calculated 
based  on  nA  =  2  in  Eq.  (1 )] . 

Turning  next  to  the  specific  heat  data  well  above  the  transition 
temperatures,  these  n^-spin  fluctuations  follow  a  Schottky  term  very 
wel  1  , 

Csch  =  nA  Rg09i ( go+9! )_2  <«/T>2  (5) 


where  previously  we  had  ignored  the  parameters  in  Eq.  (5)  (Recall  that 
the  purpose  of  these  fits  was  to  obtain  the  Debye  temperatures  which 
agreed  very  well  with  predictions  of  the  Lindemann  relation).  The  form 
of  Eq.  (5)  is  for  a  two- level  system  (although  we  have  no  reason  for 
selecting  this  form  other  than  for  simplicity),  and  we  can  now  evaluate 
the  level  splittings  (setting  gQ  =  g J  , 


CdCr204:  6  =  31.5  K  T  >  TN 
ZnCr204:  6  =  35.0  K 


(6) 


Once  again,  the  use  of  the  nA-densities  in  Eq.  (2)  bring  these  specific 
heat  parameters  in  line. 


A  second  Schottky  term  was  resolved  in  both  spinels  for  tempera¬ 
tures  well  below  TN,  and  it  is  natural  to  ascribe  this  feature  to  the 


paramagnetic  spins.  Using  these  previously  reported  data  with  the 
appropriate  np  values  in  Eq.  (5)  we  find  that  (again  setting  g0  =  g^. 


CdCr,0. :  6  =  0.592  K  T  T 

T  <  tN  ,7) 

ZnCr204:  6  =  0.374  K 

The  agreement  here  (~  50%)  is  poorer  than  reported  previously  (~  10%), 
but  this  may  not  be  too  surprising  in  view  of  the  simple  model  used  here 
to  describe  the  np-spin  fluctuations  within  the  ordered  n^-spin  ordered 
1 attice. 

The  thermal  conductivities  of  CdCr204  and  ZnCr204  display 
significant  jumps  in  the  neighborhood  of  T^,  the  effect  in  ZnCr204  being 
the  more  pronounced  (see  Fig.  2  of  Spinel  Studies,  I).  Correspondingly, 
the  np  density  in  ZnCr20 4  is  three  times  larger  than  in  CdCr204,  Eq. 

(2),  so  in  this  picture  the  jump  in  K  appears  associated  with  the 
paramagnetic  spins.  A  contradiction  arises,  however;  namely,  the  K-jump 
in  CdCr204  is  far  more  affected  by  intense  magnetic  fields  than  in 
ZnCr204  (see  Fig.  2  uf  Spinel  Studies,  VIII). 

We  turn  next  to  the  magnetization  data  measured  on  these  spinels 
at  4.2  K.  Beginning  wi th  the  simple  quantun  theory  of  paramagnetism, 
the  number  of  magnetic  moments  per  unit  volume  is 

Mp  =  Np  p2Ug  H/3kT  (8) 

where  p  =  g  ✓  J(J+I)  =  2  /  s(s+l)  if  orbital  momentum  is  quenched. 

3 

Here  Np  is  the  number  of  paramagnetic  spins  per  cm  , 


Np  =  npA0ps/My 


(9) 


where  Aq  is  Avogadro's  number,  ps  is  the  spinel  density,  and  is  the 
molecular  weight.  Simplifying, 

Mp  3  opnp  (ps/M^)  H/T  (10) 

where  ap  1 s  a  constant  common  to  the  np-densitles  of  both  spinels. 

The  nA-densities  have  a  finite  susceptibility,  and  it  is 
reasonable  to  write 

M A  =  oAnA  (ps/My)  Hg(T)  (11) 

where  g(T)  is  the  T-dependence  associated  with  the  anti ferrimagnetical- 
ly-ordered  spin  system.  Combining, 

M  =  Mp  +  MA-(ps/My)  [crpnp/T  +  oAnAg(T)]  H  (12) 

which  follows  the  linear  magnetizations  measured  on  both  spinels  at 
4.2  K  (see  Fig.  5  of  Spinel  Studies  VII). 

It  is  found  experimentally  that  at  constant  H 

M(CdCr204)  =  2.65  M  (ZnCr204). 

Correcting  for  the  densities  (6.056,  5.649)  and  molecular  weights 
(280.43,  233.40)  of  the  spinels  (CdCr204,  ZnCr204),  we  find  that 
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[apfip/T  +  a4nfig(T )] 


A  A 


CdCr204 


=  2.97  [opfip/T  +  oAnAg(T)] 


ZnCr204 


(13) 


This  relation  has  only  one  solution,  assuming  that  the  o's  and  g(T)  are 
the  same  for  both  spinels;  namely,  np  and  n^  for  CdCr204  are  three  times 
1 arger  than  for  ZnCr204.  Curiously,  from  Eq.  (2)  np  for  ZnCr204  is 
almost  exactly  three  times  larger  than  np  for  CdCr204  (were  the  magneti¬ 
zation  samples  interchanged?). 

We  are  left  with  two  possibilities:  (1)  The  samples  were  inter¬ 
changed  and  the  n^-contribution  to  M  is  very  small  compared  to  the  np- 
contribution  for  both  spinels;  or  (2)  The  differences  in  the  o's  and 
g(T)  for  the  spinels  are  large  enough  to  overwhelm  the  differences  in 
np  and  n^. 

Turning  next  to  the  magnetocaloric  data,  the  basic  thermodynamic 
relation  is 


J 

S 


TdS  =  mC0dT  +  Vu0T  (3M/aT)H  dH  (14) 

where  m  and  v  are  the  sample  weight  and  volume,  and,  as  before,  we 
ignore  the  H-field  dependence  of  the  specific  heat  (C0)  based  on  our 
specific  heat  measurements  of  these  spinels  in  intense  magnetic  fields. 

Combining  Eqs.  (12)  and  (14)  for  adiabatic  conditions  ( dS  =  0), 
we  have 

COdT  =  T  VV[aPnP/T2-°AnA9'  (T)]HdH  (15) 


where  ps  -  m/v  has  been  used  and  g'(T)  =  dg/dT. 


Equation  (15)  describes  the  adiabatic  temperature  changes  dT 
corresponding  to  field  changes  dH,  and  the  picture  here  is  that  the 
paramagnetic  spins  np  show  demagnetization  cooling  (i.e.,  dT  <  0  if 
dH  <  0)  whereas  the  anti ferrimagnetic  spins  n^  show  demagnetization 
heati nq.  Note  that  it  is  a  property  of  anti ferrimagneti cal ly  ordered 
spins  that  g' (T)>0. 

Experimentally,  the  net  magnetocaloric  effect  is  demagnetization 
cooling  in  both  spinels,  so  that  in  this  picture  the  np-spin  system 
overwhelms  the  n^-spin  system.  That  is,  from  Eq.  (15) 


V  >  VftT29'(TI 


(16) 


We  found  experimentally  that  the  reversible  temperature  changes 
ATrev  in  ZnCr204  were  1 arger  than  in  CdCr204  at  both  4.5  and  3.2  K  (see 
Figs.  1  and  2  in  Spinel  Studies,  VII).  However,  the  specific  heat  of 
ZnCr204  at  these  temperatures  is  smaller  than  that  of  CdCr204,  so  for 
a  meaningful  comparison  of  the  rhs  of  Eq.  (15)  for  the  two  spinels  the 
specific  heats  should  be  factored  out.  Consequently,  C0ATrev  data  were 
constructed  for  the  two  spinels,  and  these  data  are  shown  in  Fig.  1 
(the  T-dependence  of  C0  was  taken  into  account  in  constructing  these 
plots).  Two  features  are  immediately  apparent:  (1)  The  C0ATrev  data 
for  CdCr204  in  Fig.  1  are  about  three  times  larger  than  for  ZnCr204, 
a  value  suspiciously  in  agreement  with  the  magnetization  results,  Eq. 
(13);  and  (2)  The  T-dependence  of  the  rhs  of  Eq.  (15)  is  rather  small, 
the  trend  being  for  the  rhs  at  3.2  K  to  be  smaller  than  at  4.5  K. 
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Thus,  we  are  faced  with  a  confusing  problem:  Analyses  of  specific 
heat  data  indicate  that  np  (CdCr204)  <  np  (ZnCr204),  but  the  magnetiza¬ 
tion  _and  magnetocaloric  data  suggest  the  opposite.  We  also  note  another 
puzzling  feature:  The  np-contribution  to  the  magnetocaloric  effect 
clearly  overwhelms  the  nA-contribution,  suggesting  from  Eq.  (15)  that 
C^Trev  *  T_1;  but  the  opposite  trend  is  seen  in  Fig.  1. 

Finally,  we  discuss  our  previous  numerical  integration  of  Eq. 

(15).  To  review,  the  ATrev  data  were  measured  by  cycling  the  field 
O  +  Hi  +  O,  O  +  H2  +  Q,  etc.  where  the  sample  always  returned  to  a 
baseline  temperature  T0  at  zero  field*  Considering  just  the  magnetiza¬ 
tion  half  of  the  cycle,  these  data  were  used  to  construct  a  T  vs.  H 
plot;  e.g.,  =  TQ  +  aT:  at  H1 ,  T2  =  TQ  +  aT2  at  H2,  etc.  This 

curve  was  numerically  integrated  according  to  Eq.  (14)  by  assuming  it 
represented  an  equi  val  ence  experiment:  Namely,  when  the  field  changed 
0  Hj,  the  temperature  changed  T0  +  T 1 ;  on  H3  +  H2,  T1  >  T2;  on  H2  -*•  H3, 
T2  -*■  T3,  etc.  This  numerical  integration  yielded  an  extremely  strong 
temperature  dependence  for  the  quantity  in  brackets  in  Eq.  (15)  for  both 
spinels  (see  Fig.  6  of  Spinel  Studies  VII),  in  marked  contrast  to  the 
Fig,  1  data  here. 

In  summary,  splitting  the  spins  into  nA-  and  np-components  leads  to 
several  appealing  results,  and  the  rationale  for  this  decomposition  is 
straightforward:  (1)  A  T3  anti ferrimagnetic  spin-wave  contribution  to 
the  specific  heat  at  the  lowest  temperatures,  and  (2)  Adiabatic  demag¬ 
netization  cooling  effects  indicating  paramagnetic  spins.  However,  the 
specific  heat  results  are  at  seemingly  wide  variance  with  the  magnetiza¬ 
tion  and  magnetocaloric  results  for  both  spinels  according  to  this 
picture. 


We  remark  here  that  we  have  seen  qualitative  evidence  for  the  two 
spin  systems  in  magnetocaloric  experiments.  That  is,  competition  between 
n^-heating  and  np-cooling  spins  upon  demagnetization  have  been  observed 
in  certain  temperature  ranges,  and  this  competition  was  evidenced  by 
different  spin-phonon  relaxation  times  such  that  the  sample  temperature 
first  showed  heating,  then  cooling.  However,  it  is  believed  that  in  all 
the  data  reported  to  date  the  experimental  waiting  times  were  long 
compared  to  these  relaxation  times  so  that  net  effects  were  measured 
( e.g. ,  Fig.  1  here) . 

The  results  here  suggest  some  future  experimental  directions:  (1) 
The  magnetization  results  should  be  checked  to  answer  the  question  of 
sample  mixup;  (2)  Magneti zation  measurements  at  several  temperatures 
1.5  -  20  K  are  needed;  and  (3)  Magnetocaloric  measurements  at  several 
temperatures  are  also  needed.  In  particular,  we  need  to  develop  T  vs.  H 
data  sets  by  changing  0  HL  +  H2  +  H3,  etc.  to  compare  with  the  results 
of  the  0  -*■  Hx  -*-0,  0  +  H2  +  0,  0  -*•  H3  *  0,  etc.  data  sets. 
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In  the  June  14,  1984,  progress  report  for  this  contract, 
critical-exponent  analyses  were  made  of  data  gathered  near  the 
peaks  in  the  specific  heats  of  the  oxide  spinels  CdCr2C>4  and 
ZnC^O^.  The  data  used  were  measured  using  a  novel  calibrated- 
link  drift  method  of  calorimetery  in  which  a  sample  weakly  linked 
to  a  thermal  reservoir  was  heated  above  the  reservoir 
temperature,  the  heating  was  removed,  and  the  sample  was  allowed 
to  drift  slowly  toward  equilibrium  with  the  reservoir.  A 
t ime-temperature  record  was  generated  by  monitoring  with  a  chart 
recorder  the  voltage  drop  across  a  carbon  resistor  thermometer 
attached  to  the  sample;  specific  heats  were  derived  from  this 
record  by  reduction  of  the  T  and  dT/dt  information. 

The  analysis  of  the  derived  specific  heat  data  then  pro¬ 
ceeded  along  the  lines  of  the  renormalization  group  theory  of 
critical  exponents  in  which  the  specific  heat  in  the  peak  region 
is  described  by  equations  of  the  form: 

C  =  ( A/ a ) t~a  +  Bt  +  E,  (1) 

where 

t  =  | T  -  Tn/Tn| ,  (2) 

where  a,  B,  and  E  are  constants  and  TN  is  the  temperature 

corresponding  to  the  specific  heat  peak.  From  the  data  gathered 

in  the  experiment  reported  in  June,  a's  on  the  order  of  3/2  were 

determined.  These  values  seemed  unusually  large  in  the  light  of 

work  performed  on  EuTe  and  EuSe1  and  in  the  light  of  the  scaling 

2 

result  (2  -  a)(2  -  n)  =  yd  and  Wilson's  epsilon-expansion.  For 
both  materials  th,*  data  gathered  also  displayed  a  "rounding"  in 
the  Cgx  vs.  |  T  -  Tn|  curves  at  |  T  -  tJ  <  0.3  K.  The  reality  of 
this  “rounding"  was  suspect  in  the  light  of  the  methods  of 
reducing  the  data  from  the  chart  recorder  record,  and  it  was 
bothersome  in  that  it  did  not  allow  an  examination  of  the  scaling 
law  over  a  wider  range  of  t  values  (i.e.,  t+ 0 )  . 

Because  of  these  observations  and  results,  we  have  repeated 
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the  drift  experiments  reported  in  June,  1984,  utilizing  a 
different  data  collection  method  and  longer  drift  times.  In  this 
latest  work  we  have  continuously  recorded  the  sample  and  reser¬ 
voir  temperatures  digitally  during  the  drift  using  a  digital 
voltmeter/computer  interface,  thus  generating  a  directly  com¬ 
puter-reducible  time-temperature  record.  This  eliminated  the 
human  factors  involved  in  reducing  the  chart-recorder  record  by 
hand . 

In  the  revised  experiment  the  carbon  resistor  sample  thermo¬ 
meter,  the  germanium  resistor  reservoir  thermometer  and  the 
current  (i.e.,  the  voltage  drop  over  a  standard  1  K  ohm  resistor) 
common  to  both  were  sampled  simultaneously  at  regular  intervals 
using  three  Keithly  Model  181  nano-volme ters .  The  sampling  and 
recording  of  measurements  was  controlled  by  a  Digital  Equipment 
Corporation  Professional  350  computer  via  an  IEEE  488  interface. 
The  sampling  rate  and  drift  times  for  the  CdCr2o4  and  ZnCr204 
were  5  seconds  over  56  minutes  and  10  seconds  over  166  minutes, 
respectively.  Temperature  drift  between  consecutive  data  points 
were  on  the  order  of  1  mK  over  the  specific  heat  peaks. 

The  recorded  voltages  were  converted  to  temperatures  using 
previously  determined  thermometer  calibrations,  and  the  temper¬ 
ature-time  records  were  "smoothed"  using  a  computer  routine  which 
did  a  least  squares  fitting  analysis  of  each  point  based  on  the 
point  and  an  interval  about  the  point.  dT/dt's  were  computed  for 
each  pair  of  points  in  the  smoothed  T  record  and  then  the  dT/dt's 
themselves  were  smoothed.  Arbitrarily  scaled  C's  were  computed 
from  the  smoothed  T  and  dT/dt  records,  and  the  link  calibration 
was  then  determined  by  adjusting  the  arbitrary  C  curves  to 
optimally  correspond  to  C  values  determined  previously  by  pulse 
calorimetric  techniques.  The  final  results  of  this  procedure  are 
shown  in  Figures  1  and  2. 

From  these  C  records  the  T„  values  for  CdCr-O.  and  ZnCr.O, 

N  2  4  2  4 

were  determined  to  be  7.9405  K  and  10.6222  K,  respectively.  In 
the  June,  1984  report,  values  for  the  constants  B  and  E  in 
equation  (1)  above  were  determined  which  should  be  reliable; 
these  were  applied  to  give  a  CQx 


Cex  =  C  -  Bt  -  E  (3) 

where  t  is  given  by  Equation  (2)  above.  These  C  's  are  plotted 
against  log  j  t  |  in  Figures  3-6  with  Figures  3  and  4  showing  the 
full  range  of  Cgx  data  for  the  two  materials  and  Figures  4  and  6 
showing  the  data  for  Jt  -  TN/TN|  <0.005.  Some  of  the  data  for 
log  |  t|  <-l,  T<Tn  branch,  have  been  excluded  from  Figure  3 
(CdC^O^)  as  the  Bt  -  E  correction  was  larger  than  the  C  value 
(i.e.,  the  correction  was  too  large).  In  both  Figures  3  and  4 
the  T<T„,  branch  of  the  data  is  the  "lower"  or  "leftmost”  and  the 
T>Tn  branch  of  the  data  is  the  "upper"  or  "rightmost"  branch. 

As  may  be  seen,  the  "rounding"  effect  noted  in  the  June, 
1984,  report  is  again  evident;  thus  it  seems  that  this  effect  is 
real.  If  the  information  in  the  region  of  the  "rounding"  is  not 
an  artifact,  then  it  may  be  valid  to  compute  a's  based  upon  data 
very  near  TN>  This  has  been  done  using  linear  least  squares 
fittings  and  the  results  are  shown  in  Figures  4  and  6.  The 

values  determined  are  0.0098  for  CdCr_.0.  and  0.0078  for  ZnCr.O.. 

2  4  2  4 

If  the  information  very  near  TN  is  somehow  fallacious  while 
data  further  away  is  more  trustworthy,  we  again  encounter  the 
assymetries  in  the  Cgx  curve  noted  in  the  previous  report.  This 
latest  experiment  tended  to  confirm  the  a  values  derived  for 
CdCr^O^ :  least  squares  fittings  of  the  regions  shown  in  Figure  3 

produce  a's  of  1.79  and  2.41,  roughly  comparable  to  the  earlier 
determinations  of  1.51  and  2.22.  This,  unfortunately,  is  not  the 
case  for  the  ZnCr^O^  sample  as  the  values  determined  were  4.91 
and  0.736  for  the  T>TN  and  T<TN  regions,  respectively.  These  are 
to  be  compared  to  earlier  values  of  1.50  and  4.28.  There  are  two 
possible  reasons  for  this  descrepancy;  First,  there  is  a  problem 
with  determining  which  part  of  the  rather  smoothly  curved  legs  of 
the  ZnCr20<j  data  to  use  in  determining  a.  Second,  there  was  a 
difficulty  fitting  the  drift  C  data  to  previously  determined 
pulse  data  points,  and  in  fact  a  skewing  between  the  two  data 
sets  was  seen  in  the  T>T^  regions.  This  was  most  likely  due  to 
some  uncertainty  in  the  carbon  resistance  thermometer 
calibration. 
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It  is  remarkable  that  the  a  values  determined  for  the  two 
materials  for  T  values  very  near  are  quite  similar. 
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Previously  reported  experimental  work  on  the  new  spinels 
CdC^O^  and  ZnCr^O^  has  dealt  with  the  thermal  and  magnetothermal 
properties  at  low  temperatures.  These  have  been  derivative  data 
based  on  measurements  of  the  ceramic  samples  C ( 9 / 1 )  and  D ( 9 / 1 ) , 
where  C(9/l)  is  a  mixture  of  9  moles  CdC^O^  +  1  mole  CdNb20&, 
and  similarly  for  D(9/l).  It  will  be  recalled  that  these  spinels 
form  only  in  the  presence  of  the  columbite  mineralizers. 

Theoretical  progress  in  this  program  suggests  that  the  anti- 
f err imagnetic  ordering  temperatures  of  these  new  spinels,  T^ , 
might  be  susceptible  to  doping  on  the  A-  or  B-sites.  This  Report 
documents  some  initial  studies  in  this  area.^  Specifically, 
three  types  of  studies  were  undertaken: 

1.  Mixed  spinels,  (Zn,Cd)Cr204 

2.  Doping  on  the  B-site  in  CdCr_0.  with  Fe^+  and  Gd~*  + 

z  4  2  + 

3.  Doping  on  the  A-site  in  CdCr^O^j  with  Pb 

We  emphasize  at  the  outset  that  there  is  an  unfortunate  uncer¬ 
tainty  in  knowing  how  the  added  dopant  partitions  between  the 
spinel  phase,  the  columbite  phase,  and  the  grain  boundary--to 
answer  these  questions  would  require  a  considerable  diagnostic 
effort.  By  necessity,  our  approach  was  simply  to  make  ceramic 
samples  (noting  weight  gain/loss)  and  measure  the  low  temperature 
specfic  heats. 


Mixed  Spinels 

The  studies  here  were  limited  to  50:50  compositions, 

Zn  1/2^  l/2C'r2°4  '  an<^  three  mineralizers  were  studied — CdNb.,Og, 


ZnNb^Og,  and  These  batched  powders  were 


thoroughly  mixed  and  processed  in  the  usual  fashion  (negligible 
weight  loss),  and  the  resulting  specific  heat  data  are  shown  in 
Fig .  1  . 

The  Fig.  1  data  show  that  in  all  three  cases  a  specific  heat 
maximum  fa  i  led  to  develop  between  6-12  K  [specific  heat  data  for 
C(9/l)  and  D(9/l)  are  shown  for  comparison].  In  fact,  the  "mixed 
spinel"  data  in  Fig.  1  appear  to  form  the  background  data  for 
C( 9/1 )  and  D(9/l ) . 

One  possible  explanation  for  the  Fig.  1  data  is  the  forma- 


tion  of  complex  phases  in  the  ceramic  processing.  A  second 
attempt  was  pursued  by  first  reacting  the  C(9/l)  and  D( 9/1 ) 
powders  separately  (at  1000°C)  and  then  mixing  and  sintering 
these  powders  together  (1350°C)  in  a  50:50  ratio.  Here  one 
relies  on  a  diffusion  interchange  of  Zn  and  Cd  on  the  A-site. 

A  subtlety  is  involved  here  in  mixing  the  reacted  powders. 
Namely,  the  reacted  powders  are  fine-grained,  ~  1  urn,  and 
wet-milling  further  reduces  the  grain  size  which  could  lead  to 
unwanted  phase  formation.  On  the  other  hand,  dry-milling  the 
powders  will  not  reduce  the  grain  size  but  may  not  lead  to 
complete  mixing.  Consequently,  samples  were  prepared  by  both 
mixing  methods. 

Good  ceramic  samples  were  formed  in  both  cases  with  negli¬ 
gible  weight  loss,  and  the  resulting  specific  heat  data  are  shown 
in  Fig.  2.  Again,  no  structure  in  the  specific  heat  is  seen. 

These  studies  conclusively  prove  that  a  complete  poison i ng 
of  the  spin  ordering  occurs  at  the  50:50  ratio,  and  the  frustra¬ 
tion  here  may  follow  by  analogy  with  the  ferrimagnet  CdCr2S4  and 
the  antiferrimagnet  ZnC^S^.  However,  our  previous  spin  wave 
studies  clearly  showed  that  the  new  spinels  here  are  both  anti- 
ferrimagnets  below  ,  and  this  conclusion  was  later  supported  by 
the  magnetocaloric  and  magnetization  measurements.  Finally,  we 
note  that  the  ionic  radii  of  Zn  (0.74  A)  and  Cd  (0.97  are  quite 
different. 

Doping  Studies 

2  + 

In  the  first  set  of  experiments  here,  a  doping  with  1%  Pb 

on  the  A  site  and  1%  of  Fe3+  and  Gd3  +  on  the  B  site  of  CdCr.O. 

2  4 

were  attempted.  These  compositions  were  batched  £s  _i_f  all  of  the 
dopant  would  enter  the  desired  site,  but,  as  cautioned  above, 
there  was  no  way  to  verify  this. 

The  results  of  these  three  doping  studies  are  shown  in  Fig. 

2+  3  + 

3,  and  it  is  seen  that  the  Pb  and  Gd  dopings  have  relatively 
small  effects  compared  to  the  Fe3  +  dopings.  One  explanation  here 
may  be  the  close  ionic  radii  match  between  Fe3+(0.60  A)  and 
Cr  3  +  ( 0 . 64  A)  compared  to  Gd3+  (0.97  A)  or  Pb2+  (1.32  A). 


If  the 


ionic  radius  tolerance  factor  is  only  marginally  favorable,  the 
dopant  could  mainly  partition  in  the  columbite  phase  or  grain 
boundary . 

The  Fe^  +  doping  was  pursued  further  by  preparing  and 
measuring  samples  with  2,  3,  4.6,  and  6.8%  Fe^  +  on  the  B  site. 
These  data  are  shown  in  Fig.  4,  and  it  is  seen  that  the  effect  of 
increasing  the  Fe^+  content  is  to  suppress  T^  and  lower  Cmax- 
However,  by  4.6%  the  specific  heat  maximum  is  quenched.  The  3% 
ceramic  was  remeasured,  and  the  data  in  Fig.  4  represent  the  data 
from  both  runs. 

The  results  of  these  Fe^+  doping  studies  are  summarized  in 
Table  I. 


Table  I 

Doping  Studies  in  CdCr^Q^ 

T..  C  ( erq  q_1  K_1) 

- N - max - —  — 

7.95  2.8xlOb 


Fe^+  Level 


7.05 

6.50 

5.95 


1.5x10 

1.05x10* 

•0.45x10* 


Discussion 


The  Fig.  4  data  suggest  that  the  Fe  dopant  enters  the 
B-site  preferentially  in  CdCr204,  and  it  is  of  practical  signi¬ 
ficance  that  this  dopant  has  the  effect  of  increasing  the  speci¬ 
fic  heat  of  C ( 9/1 )  at  4.2  K.  This  may  be  of  importance  for 
superconductor  insulations,  and  it  would  be  interesting  to  study 
magnetocaloric  effects  in,  say,  the  2%  ceramic. 

These  doping  studies  are  also  of  interest  from  the  theoreti¬ 
cal  viewpoint,  since  understanding  the  effect  of  the  Fe  +  dopant 
would  provide  guidelines  for  other  dopants  which  may  raise  T^ 
into  the  hydrogen  temperature  range  for  cryoconductor- insulat ion 
appl icat ions . 

7 

lSome  preliminary  doping  studies  were  performed  under  National 
Bureau  of  Standards  Contract  #NB81RAC10007 
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We  had  previously  reported  broad  range  (1.7-30  K)  thermal 
conductivity  data  ( < )  on  C(9/l)  and  D( 9/1 ) ,  and  these  data  are 
reproduced  here  in  Fig.  1.  Although  these  ceramics  are  two-phase 
mixtures  of  spinel  +  columbite,  there  is  no  doubt  that  the  Fig.  1 
data  reflect  heat  flow  in  the  spinel  phase  because  the  columbite 
phase  represents  a  minor  phase  volumetr ical ly  (~  10%).  Stated 
differently,  there  is  connectivity  between  the  spinel  grains. 

A  number  of  features  are  evident  in  Fig.  1:  At  the  lowest 
temperatures  a  definitive  boundary-scattering  region  is  not 
achieved,  and  one  explanation  may  be  Kap i t za- 1 im i t i ng  phenomena. 
In  fact,  one  might  suppose  that  the  C(9/l)  material  is  more 
Kap i t za- 1  im i ted  than  the  D(9/l)  material  simply  from  the  magni¬ 
tudes  of  the  x-data  in  Fig.  1.  However,  this  acoustic-mismatch 
explanation  canno>_  easily  be  reconciled  with  the  closeness  of  the 
Debye  temperatures  in  the  spinel  phase  (420,  463  K)  and  columbite 
phase  (407,  433  K)  in  C(9/l)  and  D(9/l),  respectively.  A  more 
satisfactory  correlation  for  the  suppression  of  the  C ( 9/1 )  data 
relative  to  the  D(9/l)  data  comes  from  previous  estimates  that  ~ 
80%  of  the  Cr3+  spins  in  CdCr204  order  at  compared  to  ~  50%  of 
the  spins  in  ZnC^O^.  Thus,  it  appears  that  the  spin  fluctuation 
term  plays  a  significant  role  in  limiting  the  thermal 
conduct i v i ty . 

Along  this  line  we  also  found  previously  that  an  intense 
magnetic  field  suppresses  <  in  C ( 9 / 1 )  below  but  <  in  D( 9/1 ) 
was  unaffected. 

The  most  significant  feature  in  Fig.  1  is  the  ma x i mum  in  < 
below  T^  for  both  materials,  and  this  is  particularly  evident  in 
the  case  of  D ( 9 / 1 ) .  However,  there  are  actually  very  few  data 
points  in  the  neighborhood  of  this  feature  in  Fig.  1,  although 
the  log-log  plot  tends  to  give  the  opposite  illusion.  Since  this 
feature  is  of  considerable  theoretical  interest,  it  was  decided 
to  measure  the  thermal  conductivity  at  several  points  in  the 
neighborhood  of  T^  for  these  materials,  and  this  report  documents 
these  measurements. 

Bars  of  C ( 9/1 )  and  D( 9/1 1  were  fixtured  with  carbon-chip 
thermometers  and  heaters  pursuant  to  the  linear-flow  method  in 


the  usual  fashion,  and  the  carbon-chip  thermometers  were 
calibrated  over  narrow  temperaure  ranges  [e.g.,  5-10  K  for 

C ( 9/1 >  1  during  the  course  of  the  run  (correlation  coefficients  > 
0.9999).  The  thermal  conductivity  is  given  by 

<  =  1 2r300  < a+bT) A/AAT  (1) 

where  i  is  the  heater  current,  is  the  heater  resistance  at 

300  K,  (a+bT)  corrects  for  the  small  temperature  dependence  of 
the  heater  wire,  l  is  the  separation  of  the  thermometers,  A  is 
the  cross-section  area  of  the  bar,  and  AT  is  the  temperature 
difference  between  the  two  thermometers  (  AT/T  <  2%  was  maintained 
in  these  experiments).  Since  T,  AT,  and  i  were  measured  very 
accurately,  we  consider  Eq .  (1)  in  the  form 

<  =  ci2(a+bT)/AT  (2) 


where  the  constant  c  is  to  be  determined  by  carefully  scaling  the 
new  data  to  the  previous.  Fig.  1  data.  This  is  a  relative 
procedure,  and  the  motivation  is  to  arrive  at  a  precise 
comparison  of  x-data.  There  is  always  the  problem  of  comparing 
run-to-run  data  because  the  quantity  can  vary  by  as  much 

as  5-7%  between  setups,  due  primarily  to  the  uncertainty  in  l . 

Our  scaling  procedure  eliminated  this  scale  factor,  and  the 
results  of  these  measurements  are  shown  in  Figs.  2  and  3  for 
C(9/l)  and  D(9/l),  respectively.  Here,  the  circles  are  the  Fig. 

1  data,  and  the  triangles  represent  the  new  data  points. 

There  is  excellent  agreement  with  the  previous  data  sets 
(note  linear  scales),  and  the  ^-features  have  been  carefully 
mapped  out.  The  critical  experimental  data  are  summarized  in 
Table  I . 


Table  I 

- 1 

Thermal  Conduc t  i  v  i  ty  Features  ( mW  cm  K  ) 


Spinel 

T  , 

('J 

T 

T _ 

K 

< 

CdCr  0 

2  4 

7.95  K 

m  l  n- 

7.(5  K 

m  3  x 

6.25  K 

- m  i  n - 

0 . 5  4 

-  m  a  x 

0.5ft 

ZnCr ,0 . 

10.73 

12.  3 

10.1 

1  .  59 

3.22 
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We  note  that  distinct  differences  exist  between  the  two 
spinels.  For  CdCr204,  both  Tmin  and  Tmax  are  below  TN ,  and  <min 
and  k  differ  by  only  4%.  However,  for  ZnCr_0. ,  T  is 

slightly  below  T„,  and  k  .  and  k  differ  by  a  factor  of  two 
(exactly).  We  conclude  that  the  antiferr imagnetic  spin  wave 
contribution  to  k  in  ZnCr204  is  huge  compared  to  that  in  CdCr204* 
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Some  preliminary  measurements  several  years  ago  indicated 
that  Fe^  +  doping  in  C(9/l)  not  only  entered  the  CdCr204  spinel 
but  also  had  a  dramatic  effect  on  the  specific  heat  properties. 

It  was  found  that  1-3%  of  Fe^  +  in  C(9/l)  depressed  both  the 
height  and  temperature  of  the  specific  heat  peak,  and  above  4.6% 
the  specific  heat  peak  was  missing.  These  previous  measurements 
spanned  a  limited  temperature  range,  ~  4-10  K.  The  purpose  of 
this  Report  is  to  document  specific  heat  measurements  on  2  and  5% 
Fe^+-doped  samples  over  the  range  1.8-20  K. 

Two  pellets  were  prepared  according  to  the  composition 

9  Cd<Cr1_xFex)204  +  1  CdNb2Og 

with  x  =  0.020  and  0.050.  The  usual  ceramic  processes  were  used, 
and  the  final  firing  was  at  1275°C  for  2  h. 

In  the  specific  heat  measurements,  the  addenda  constituted 
1.5-1. 6  wt  %  and  contributed  1.3%  at  most  to  the  total  heat 
capacity. 

The  results  of  these  measurements  are  shown  in  Fig.  1  where 
the  data  for  undoped  C( 9/1 )  are  shown  for  comparison.  Four 
features  are  evident  in  Fig.  1:  (1)  The  2%  doping  lowers  the 

peak  temperature  to  6.34  K  from  7.99  K  in  the  undoped  case;  (2) 
The  5%  doping  elimates  the  specific  heat  peak;  (3)  There  are  no 
additional  specific  heat  features  in  the  2  and  5%  samples  in  the 
range  1.8-25  K;  and  (4)  The  5%  sample  has  the  largest  specific 
heat  below  5.5  K. 

These  features  are  shown  in  Fig.  2  from  3-12  K  plotted 
linearly.  Here  the  doping  progression  is  seen  somewhat  more 
clearly  than  in  Fig.  1;  in  particular,  the  2%  Fe^+  doping 
broadens  the  specific  heat  peak  and  decreases  the  maximum  value. 
In  both  Figs.  1  and  2  the  specific  heat  data  converge  above  about 
10  K,  which  is  a  satisfying  check  on  the  experimental  methods. 

Discussion 

The  results  here  confirm  the  earlier  findings  and  show  that 
no  additional  specific  heat  features  are  induced  by  the  Fe3+ 


doping  (e.g.,  a  peak  at,  say,  20  K).  Previous  studies  have  shown 
that  only  some  fraction  of  the  Cr3  +  spins  order  at  8  K  in 
CdC^O^,  and  the  results  here  suggest  that  a  small  amount  of  Fe3  + 
doping  further  frustrates  this  ordering  so  that  by  5%,  complete 
frustration  has  occurred.  This  in  turn  suggests  that  the  5% 
doping  should  lead  to  larger  magnetocaloric  effects. 

Spin  resonance  studies  are  needed  to  prove  that  all  the  Fe3+ 
added  to  the  ceramic  is  indeed  entering  the  spinel  phase  at  the 
Cr3  +  site. 

For  regenerator  applications  it  is  interesting  to  note  that 
between  5.8  and  7.5  K  the  2%  doping  yields  the  largest  specific 
heat,  whereas  below  5. 8  K  the  5%  doping  yields  the  largest 
specific  heat.  It  would  be  particularly  interesting  to  develop  a 
dopant  that  would  raise  the  peak  temperature  of  C(9/l). 

Thermal  conductivity  measurements  on  these  2  and  5%-doped 
C(9/l)‘s  are  in  progress. 
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In  the  last  Letter  Report  on  Spinel  Studies,  we  documented 
specific  heat  measurements  on  C(9/l)  doped  with  2  and  5  mole  % 
Fe^  +  (i.e.,  assuming  the  Fe^  +  enters  the  B-site  of  the  spinel). 
At  the  2%  level  the  specific  heat  maximum  is  shifted  from  8.0  to 
6.35  K,  and  the  height  of  the  maximum  is  depressed  from  2.9  to 
1.05  (10^  erg  g~*  K~*).  At  the  5%  level,  the  specific  heat 
maximum  is  totally  suppressed,  and  no  other  specific  heat 
structure  appears  in  the  range  1.8  to  30  K.  Above  10  K  all 
specific  heat  data  converge  (including  the  undoped  case). 

The  purpose  of  this  Letter  Report  is  to  document  thermal 
conductivity  data  on  these  2  and  5  %  Fe^+-doped  C(9/l)  composi¬ 
tions.  The  thermal  conductivity  bars  here  were  fabricated  side 
by  side  with  the  specific  heat  pellets  previously  measured. 
Thermal  conductivity  measurements  were  made  by  the  two-thermo¬ 
meter  linear  flow  method,  and  very  long  waiting  times  were 
required  to  reach  equilibrium  due  to  the  very  low  thermal  con¬ 
ductivities. 

Thermal  conductivity  data  in  the  range  2-15  K  are  shown  in 
Fig.  1  together  with  data  on  undoped  C(9/l)  which  show  the  jump 
in  the  thermal  conductivity.  A  similar  jump  appears  in  the 
2%-doped  data,  but  the  5%-doped  data  display  no  structure.  The 
data  above  9  K  for  the  2-and  5%-doped  ceramics  are  identical  but 
afe  suppressed  compared  to  the  undoped  case. 

These  thermal  conductivity  data  are  shown  in  more  detail  in 
Fig.  2.  Surprisingly,  the  data  for  the  2%  case  show  a  jump  at  a 
higher  temperature  than  the  undoped  case,  although  the  ordering 
of  the  respective  specific  heat  maxima  is  just  the  opposite.  Th' 
data  for  the  5%  case  appear  to  represent  the  background  data  for 
the  2%  case  but  not  for  the  undoped  case.  For  example,  the 
experimental  uncertainty  in  the  measurements  is  ~  ±5%  (due 
predominantly  to  the  uncertainty  in  measuring  the  separation  of 
the  thermometers).  Consequently,  at  say  10  K,  the  thermal 
conductivities  of  the  doped  and  undoped  ceramics  are  0.92  +  0.05 
and  0.80  ±  0.04  mW  cm  K  ,  respectively.  Thus,  the  separation 
of  the  curves  in  Fig.  2  above  8  K  is  not  due  to  experimental 
uncertainty. 


fiat! 
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Previous  studies  in  this  program  have  been  devoted 
exclusively  to  the  new  spinels  (CdC^O^  and  ZnCr^O^)  and  to  the 
heavy-metal  halides  (e.g.,  Csl).  There  is,  however,  a  thi rd 
category  of  important  materials,  namely  the  new  columbites 
NiNb206  and  MnNb206< 

To  review  briefly.  Fig.  1  is  a  plot  of  specific  heat  data  on 
refractory  ceramics  compared  both  to  helium  gas  at  three  pres¬ 
sures  and  to  Pb.  These  data  are  plotted  on  a  volumetric  basis, 
and  the  curves  labelled  and  D  refer  to  C(9/l)  and  D(9/l), 
respectively,  which  we  have  studied  extensively  in  this  program. 
The  curves  labelled  A  and  B  refer  to  MnNb2Og  and  NiNb2Og, 
respectively. 

The  Fig.  1  data  show  that  these  columbites  have  technologi¬ 
cally  important  transition  temperatures,  ~  4.2  and  ~  5.5  K,  and 
that  very  large  specific  heat  maxima  are  attained,  ~  0.  2  J  cm 
K  *■.  Going  further,  these  single-phase  ceramics  have  relatively 
large  thermal  conductivities,  as  shown  in  Fig.  2  (note  here  that 
the  thermal  conductivity  for  both  columbites  varies  smoothly  and 
monotonically  through  the  transition  region,  in  contrast  to  the 
spinels) . 

For  these  reasons,  both  of  these  columbites  have  been 
introduced  into  the  applied  Air  Force  programs  aimed  at 
developing  dielectric  insulations  for  superconductors. 
Specifically : 

1.  Both  ceramics  A  and  B  (alternately  referred  to  in  the 
applied  programs  as  SClA  and  SC1B)  have  been  studied  in  the 
form  of  composites  with  various  glasses,  and  viable 
ceramic/glass  composites  have  been  demonstrated.  In 
particular,  an  SC1A/3072  composite  has  been  identified  as  a 
possible  candidate  insulation  for  Nb^Sn. 

2.  The  A  ceramic  displays  very  interesting  magnetocaloric 
properties  at  4.2  K:  Adiabatic  demagnetization  cooling  in 
fine  particle  size,  adiabatic  magnetization  cooling  in 
coa  rse  particle  size.  No  magnetocaloric  studies  have  been 
made  on  ceramic  B. 


3.  Powders  of  ceramic  A  have  been  added  to  an  impregnating 

epoxy,  and  it  was  found  that  both  the  specific  heat  and  the 
thermal  conductivity  were  markedly  improved. 

Given  the  applied  significance  of  these  two  new  columbites,  it 
was  decided  to  devote  a  limited  effort  in  the  present  program  to 
these  materials.  Certainly  one  of  the  most  interesting  items  to 
explore  here  is  the  critical  exponent  associated  with  the  sharply 
peaked  specific  heat  (Fig.  1).  CeramPhysics  has  recently  deve¬ 
loped  a  sophisticated,  computer-interfaced  method  for  measuring 
specific  heats  by  a  slow-drift  technique,  and  the  purpose  of  this 
Letter  Report  is  to  document  these  critical-exponent  studies  on 
MnNb206  and  NiNb2Og. 

Samples  of  MnNb2Og  (1.026  g)  and  NiNb2Og  (1.841  g)  were 
grooved  to  accept  carbon-chip  thermometers,  the  purpose  of  the 
grooves  being  to  minimize  the  thermal  diffusion  path.  The 
samples  were  fixtured  with  thermometers,  heaters,  and  long  (15 
cm)  thin  copper-wire  thermal  links.  These  links  were  designed  to 
provide  overall  drift  rates  ~  10  mK/sec,  but  of  course  the  drift 
method  "slows"  considerably  in  the  neighborhood  of  TN>  The 
addenda  constituted  3.1  and  1.8  wt  %  to  the  samples  and  contri¬ 
buted  <  0.1  %  to  the  total  heat  capacity,  respectively. 

The  experiments  were  carried  out  in  the  adiabatic  calori¬ 
meter,  and  the  first  step  was  to  calibrate  the  carbon-chip 
thermometers  j_n  situ  in  the  range  TN  ±  2.5  K.  About  6-7  calibra¬ 
tion  points  each  were  taken  and  fitted  to  logR  =  A  +  BT-P 
(correlation  >  0.9999).  Next  the  sample  heater  was  used  to  bring 
the  sample  to  TN  +  2  K,  the  heater  was  de-act ivated ,  and  the 
drift  record  started.  Data  points  were  taken  every  5  s  by  the 
automated  data-collection  system,  and  three  quantities  were 
recorded:  (1)  The  common  thermometer  current,  (2)  The  carbon- 

chip  thermometer  voltage;  and  (3)  The  voltage  of  a  germanium 
standard  mounted  in  the  reservoir.  Computer  analysis  of  this 
information  yields  temperature  records  coincident  in  time  for  the 
sample  and  reservoir,  which  are  then  further  reduced  to  yield 
specific  heat  information  per  the  scheme  outlined  in  the  March  1, 


1985,  Letter  Report.  In  the  present  work,  one  drift  of  NiNb^O^ 

and  two  drifts  of  MnNb20g  were  performed;  the  drifts  were  53.5 

minutes,  65  minutes,  and  73.5  minutes,  respectively.  In  all 

three  drifts,  the  temperature  changed  ~  3  mK  per  sampling  step 

over  the  specific  heat  peaks.  The  resultant  specific  heat  data 

are  presented  in  Figs.  3  and  4  (only  the  result  of  the  second  of 

the  two  MnNfc>20g  drifts  is  shown). 

Critical  exponent  information  is  extracted  from  the  specific 

heats  using  the  methodology  presented  in  the  March  1  report.  At 

the  time  of  these  reductions  for  MnNb20g  and  NiNb20g  an  error  was 

found  in  the  March  1  results  for  CdCr_0.  and  ZnCr_0„.  To  be  con- 

2  4  2  4 

sistent  with  the  methods  actually  used,  the  equations  1-3  listed 
in  that  report  should  be  written 

C  =  (A/« )t~“  +  Bt  +  E  ( 1 ) 

t  -  |t-VtnI  '  -  t-tn  121 

cex  =  C-Bt-E  (3) 

The  B  and  E  terms  for  CdCr204  and  ZnCr2C>4  given  these  redefini¬ 
tions  are  (in  appropriate  cgs  units): 

CdCr.O.:  B  *  3.3710  x  103  E  -  2.3960  x  105 

2  4  3  5 

ZnCro0. :  B  =  3.4173  x  10J  E  =  2.1751  x  10  . 

2  4 

Recomputation  of  the  CdCr204 ,  ZnCr2C>4  data  yields  Cex  results 
quite  close  to  those  reported  March  1.  Both  materials  showed 
less  than  0.05%  change  in  the  specific  heat  peak  region  Cex 
values,  thus  «  values  for  these  regions  may  stand  without 
correction. 

Variations  between  originally  reported  Cgx  values  and  the 
recomputed  values  become  greater  as  one  moves  from  the  specific 
heat  peak  to  temperatures  higher  and  lower.  At  the  extremes  of 
temperatures  reported  for  ZnCr204  this  variation  was  still  less 
than  1%.  For  CdCr204  the  greatest  variation  was  higher,  ~  5%. 
However,  if  the  new  results  are  plotted  upon  March  1  figs.  3  and 
4,  these  variations  are  nearly  unnoticable  in  the  regions  where 
the  «  values  for  the  wings  were  determined.  Again,  we  conclude 
it  is  unneccessary  to  recompute  new  *  values  for  the  March  1 
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report. 

The  calculation  of  CQX  for  NiNb2Og  and  MnNb2Og  requires  B 
and  E  coefficients  which  are  determined  in  the  manner  reported 
June  14,  1984;  Fig.  5  diagrams  the  process.  Note  in  the  present 
study  that  specific  heat  data  for  MnNb2Og  above  T-TN  =  10  K  were 
not  available,  and  that  the  E  term  had  to  be  estimated  upon  the 
basis  of  B  assumed  the  same  for  both  NiNb2Og  and  MnNb2Og.  The 
values  determined  in  this  manner  are  (in  appropriate  cgs  units): 

NiNb-O, :  B  =  1.3136  x  103  E  =  6.9893  x  104 

26  3  4 

MnNb2Og:  B  =  1.3136  x  10  E  =  6.2714  x  10  . 

The  Tn  values  adopted  from  the  specific  heat  records  were  5.49704 
K  for  NiNb2Og  and  4.3324  K  for  MnNb2Og.  The  latter  value  is  an 
average  between  the  two  records  for  MnNb2Og  which  differed  by  8.8 
mK  in  T„. 

Figures  6-8  present  the  reduced  Cgx ' s  versus  log  t.  The 
peaks  are  asymmetric  for  both  materials;  in  our  opinion  no  con¬ 
sistent  alpha  values  are  defined  in  the  wings  around  the  specific 
heat  peaks.  Thus,  alpha's  were  computed  only  for  the  "flat" 
regions  immediately  around  the  peaks  using  least  squares  techni¬ 
ques  (Figs.  9-11).  The  alpha  determined  for  NiNb2Og  was  1.45  x 

10  3.  The  alpha  determined  from  one  drift  of  MnNb?0,  was  1.19  x 

-2  -3  1  b 

10  ,  from  the  other  drift  was  5.32  x  10  .  All  of  these  values 

are  roughly  on  the  same  order  as  those  determined  for  CdCr2C>4  and 

ZnCro0. . 

2  4 

Differences  between  the  two  runs  on  MnNb2Og  indicate  some¬ 
thing  about  the  repeatability  of  the  experimental  method.  Though 
there  were  no  great  differences  in  the  experimental  details 
between  the  two  drifts  of  the  sample  and  reduction  was  handled 
exactly  the  same  for  the  two  samples,  there  was  a  difference  in 
the  specific  heat  values  generated.  The  two  curves  were  rather 
parallel  to  one  another,  but  separated  by  -  8%  at  the  peaks.  The 
alpha's  determined  differed  by  a  factor  of  2.  As  may  be  guessed 
from  Figs.  10  and  11,  the  least  squares  fitting  is  quite 
sensitive  to  the  grouping  of  data  about  TN  and  is  particu¬ 
larly  sensitive  to  the  log  |(T-TN)/TNj  value  for  the  point 
nearest  to  TN>  That  is,  if  T  is  very  close  to  T^ ,  the  point  will 
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lie  quite  far  from  the  main  body  of  points  in  the  fitting  and 
will  decrease  the  apparent  alpha.  If  the  t  =  -4.5  point  is 
eliminated  in  Figure  11  the  alpha  becomes  9.70  x  10  ,  much 

nearer  the  alpha  of  Figure  10.  We  intend  to  do  further  studies 
upon  the  repeatability  of  the  results  from  drift  to  drift. 
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INTRODUCTION 


The  materials  of  interest  in  this  study  are  nine  and  cadmium 

chromite,  with  the  formulae  ZnC^O^  and  CdCr^O^,  respectively. 

These  compounds  are  members  of  the  spinel  class  of  ferrite 

materials,^  which  has  the  generic  formula  XY~,R^  where  X  and  Y  are 

metal  cations,  at  least  one  of  which  is  magnetic,  and  R  is  a 

chalcogenide  anion,  R  =  0,  S,  Se ,  or  Te.  In  the  following  we 

will  be  primarily  interested  in  the  (2-3)  spinels,  where  the  X 

cations  are  divalent  and  the  Y  are  trivalent,  with  the  formula 
x2+ ( y3+ ,  ( r2- >3,5 

4 

The  spinel  lattice  is  shown  in  Fig.  1.  The  structure  is  a 

o  _ 

f ace-centered  cubic  array  of  R-  ions,  with  the  X  and  Y  metal 
ions  occupying  interstices  between  the  R  ions.  The  properties  of 

the  spinel  depend  critically  on  how  the  X  and  Y  ions  are 

distributed  amaung  the  interstices,  which  involves  the  choices  of 
the  X  and  Y  metals  as  well  as  the  method  of  preparation  of  the 
material  (for  example,  rapid  quenching  produces  a  more  random 
distribution  of  the  ions).  The  unit  cell  contains  eight  formula 
units.  The  interstitial  sites  are  of  two  types,  tetrahedral  (or 
A)  sites  where  the  metal  ion  is  surrounded  by  four  R  anions  in 
the  form  of  a  tetrahedron,  and  octahedral  (or  B)  sites  where  the 
metal  ion  sits  at  the  center  of  six  R  anions  in  the  form  of  an 
octahedron.  The  unit  cell,  however,  has  only  8  of  the  64 

tetrahedral  sites  and  16  of  the  32  octahedral  sites  filled.  From 

cons i der at i on  of  just  the  charge  state  of  the  cations  and  anions, 
it  is  clear  that  the  divalent  X  ion  would  prefer  to  sit  in  a 
tetrahedral  A  site,  while  the  more  highly  charged  Y  trivalent  ion 


would  sit  at  the  octahedral  B  site  where  it  can  take  advantage  o-f 
the  two  extra  negative  R  anions.  A  (2-3)  spinel  in  which  the  X** 
metal  ions  occupy  the  A  sites  and  the  Y^  +  metal  ions  the  B  sites 
is  called  a  normal  spinel.  In  an  inverse  spinel  the  divalent  X 
ions  occupy  half  of  the  B  sites,  while  half  of  the  trivalent  Y 
ions  sit  on  the  A  sites  and  the  other  half  on  B  sites. 


Two  octants  of  the  spinel  unit  cell.  A  ions  are  on  tetrahedral  sites  and  B  ions  on  octahedral 
sites  of  the  O’"  anion  packaging. 

Fig.  1.  Spinel  unit  cell 

Inverse  spinels  may  be  favored  when  the  bonding  anisotropy  of  the 
3d  transition  metal  orbitals  is  taken  into  account;  thus  dU .  d5 

10-  t  q 

and  d  ions  pre-fer  tetrahedral  sites,  while  d^’  and  d  ions 
prefer  octahedral  B  sites.4  From  this  we  conclude  that  th 
materials  we  are  interested  in,  ZnCro04  and  CdCr„04,  are  strong 
normal  spinels,  with  the  magnetic  Cr°+  (d°)  ions  sitting  only  on 
B  sites.  This  in  turn,  as  we  will  see  shortly,  implvs  that  the 

E-4 


magnetic  transitions  in  the  Zn  and  Cd  spinels  occur  at  a 
magnitude  lower  temperature  than  in  spinels  in  which  a  magnetic 
ion  sits  at  both  the  A  and  B  sites. 

In  order  to  clearify  patterns  in  these  materials,  we  analyre 
trends  in  the  (2-3)  normal  spinels  with  a  non-magnntic  metal  ion 
on  the  A  site.  In  other  words  we  look  at  compounds  which  are 
iso-structural  and  iso-electronic  with  ZnCr-,0^  and  CdCr^O^  as  we 
replace  the  Zn  or  Cd  by  other  non-magnetic  divalent  metals,  the 
Cr  by  other  3d  transition  metals,  and  the  0  by  the  other  members 
o-f  its  column,  S,  Se,  or  Te.  In  Table  1  the  lattice  constants 
and  magnetic  transition  temperatures  o-f  compounds  of  the  form 
XCr^R^  are  presented  (i.e.,  we  fix  Y  =  Cr ) ,  while  in  Table  2 

Table  1.  Lattice  constants  and  magnetic  transitions 
temperatures  of  XCr^R^  (t  =  tetragonal  distortion  at  TN, 
f  -  f erromagnet i c ,  af  =  anti -f erromagneti c ) 

X  =  Mg  Zn  (Culn>5  (Agln>5  Cd  Hg 


a.  Lattice  constant  (in  Angstroms) 


D 

8. 333^ 

8. 3275 t 

8.  595 

R  = 

S 

1 0 . 06 

10.24 

10.244  10.237 

Se 

10. 44 t 

10. 583 

10.72 

10. 755 

b.  Magnetic  transition  temperature 

(in  degrees  Kelvin) 

0 

15af 

16af 

9af 

R  = 

S 

18af 

40  , 
af 

I7af 

84. 5f  42a, 

Se 

129.5, 

21 

^af 

<4.2 

60^ 

129. 5f 
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similar  data  -for  the  oxygen  compounds  (ft  =  0)  of  thr?  form  XYo0^ 
are  shown.  The  data  are  from  references  3  and  6. 


Table  2.  Lattice  constants  and  magnetic  transition 
temperatures  of  XY-,0^ 


Y 

=  V 

Cr  Mn 

Fe 

Co 

Ni 

a.  Lattice  constant 

Mg 

8.  41Bt 

8. 333^ 

Zn 

X  = 

8.  4 1 1 

S.3275t  8;i0=a 

8.416 

Cd 

8.  595-, 

Ge4+ 

8.317 

8.221 

b.  Magnetic  transition  temperature 


Mg 

45af 

15af 

Zn 

X  = 

45af 

16af 

9"17af 

Cd 

9af 

Ge4+ 

20af  15'5af 

Several  features  become  clear 

when 

the  compounds  are 

anal yzed 

systematically  as  shown  in 

1 abl es 

1  and  2.  First  of 

all,  these  systems  are  char acter i red  by  a  low  temperature 
magnetic  transition,  at  a  temperature  of  order  20K  for  an  anti- 
f erromagneti c  case  and  of  order  100K  for  the  f erromaqnrt i c;  the 
interesting  case  of  ZnCr^Se^  has  both  transitions.  The 
f err omaqnet l c  transitions  occur  only  for  the  1 arqor  ft  atoms, 
sulfur  and  selenium,  and  are  never  associated  with  a  1 otraaonal 
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di stort i on . 


We  note  that  the  lattice  sice  depends  primarily  on 


the  Ft  atom,  weakly  on  the  non-magnetic  atom  X,  and  is  virtually 
independent  of  the  magnetic  atom  Y.  This  results  from  the  fact 
that  the  spinel  lattice  is  basically  a  close  packed  array  of  R 
(oxygen)  atoms  with  the  smaller  X  and  Y  metal  atoms  fitting 
easily  into  the  interstices.  The  lattice  constant  is  independent 
of  the  transition  metal  Y  since  the  atomic  size  is  almost 
unchanged  across  the  3d  transition  metal  series  from  V  to  Ni  ;  the 
added  electrons  going  into  the  closely  bound  d  shell  instead  of 
filling  up  orbitals  of  larger  radius.  These  observations  also 
explain  the  tendency  toward  a  tetragonal  distortion  below  the 
anti -f erromagneti c  transition  TN  for  the  smaller  metal  ions.  In 
this  case  the  metal  ions  rattle  around  on  their  sites,  providing 
little  stabilization  energy  for  the  lattice.  We  shall  see  later 
that  the  anti -f erromagneti c  spin  lattice  in  the  spinels  is  highly 
frustrated  (for  symmetry  reasons  not  all  spins  can  order  anti- 
f erromagneti cal  1 y  at  the  same  time);  thus,  below  T^  the  spin 
ordering  energy  may  be  increased  by  distorting  the  lattice  to 
reduce  the  frustration,  much  like  a  Jahn-Teller  distortion.  This 
occurs  more  readily  in  an  easily  deformable  lattice,  i.e.,  with 
the  smaller  X  and  Y  atoms.  We  will  return  to  consider  this 
coupling  between  the  lattice  and  the  spins  in  later  reports, 
since  it  is  likely  that  it  is  very  important  in  determing  the 
large  specific  heats  of  these  compounds  and  the  ability  to 
transmit  heat  through  the  lattice  as  r-ren  in  the  larqe  thermal 
conductivities. 

We  consider  now  the  nature  of  the  mapnctic  ordering  in  this 
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series.  °  We  consider  -first  one  of  the  simpler  cases  in  which  the 
spins  order  ant  i -f  err  omagnet  i  cal  1  y  along  the  c-axis,  the 
vanadium-oxygen  compounds.  Fig.  2  shows  a  plot  of  the  unit  cell 
in  the  a-b  plane;^  the  spins  point  in  and  out  of  the  page,  in  the 
c  direction.  Only  the  vanadium  ions  are  shown.  It  can  be  seen 
that  a  given  spin  is  surrounded  by  equivalent  up  and  down  spin 


Fig.  2.  Magnetic  structure  of  MgV^D^  and  2nV_0^ 

(solid  dot=spin  out,  open  dot=spin  in,  Ref.  67 

neighbors;  the  tetragonal  distortion  changes  the  c  lattice 

constant  with  respect  to  the  a=b  lattice  constant,  in  order  to 

allow  the  spin  to  interact  more  strongly  with  its  oppositely- 

directed  neighbors,  and  less  strongly  with  its  similarly  directed 

ones.  The  case  of  ZnCr-,0^  is  shown  in  Fig.  3.  It  is  clear  that 

this  compound  has  a  much  more  complicated  ant i -f or r omagnet i c  spin 

structure,  however,  it  is  physically  reasonable  that  the  spin 

energy  is  favor  by  distorting  the  lattice. 

Finally,  we  consider  the  question  of  why  the  transition 
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I  n  Sr 


temperatures  are  so  low  in  all  these  compounds,  and  why  they  are 
mostly  anti  -f  orromagnetic  (note  that  we  have  not  distinguished 
the  case  of  f errimagnetic  ordering,  which  typically  occurs  when 
the  apposing  moments  on  different  sublattices  do  not  completely 
cancel,  usually  because  the  spins  or  their  number  difer  on  one 
sublattice;  we  consider  this  case  in  detail  in  our  next  study  on 
the  thermodynamic  properties,  but  for  the  present  considerations 
the  distinction  is  not  necessary) .  The  answer  to  these  questions 
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Fig.  3.  Magnetic  structure  of  ZnCr-,0.  (spins  in  a-b  plane, 
Ref.  6)  “ 

lies  in  the  nature  of  the  exchange  interaction  in  magnetic  oxide 

materials.  To  start  with,  the  reason  these  materials  are  good 

insulators  is  that  they  consist  of  a  lattice  of  alternatinq 


charged  ions,  not  unlike  sodium  chloride,  Na+Cl  ,  which  binds  the 
electrons  to  the  ions.  The  interaction  between  two  magnetic  ions 
must  then  take  place  via  an  indirect  exchange  involving  an 
intervening  oxygen  (or  R*-  ,  in  general  )  ion,  usually  called 
superexchange.  This  interaction,  to  the  extent  that  it  takes 
place  via  the  0  p-orbitals,  is  strongly  angular  dependent;  it  is 
stongest  when  the  metal -oxygen-metal  unit  lies  in  a  straight 
line,  i.e.,  when  the  angle  between  the  bonds  is  180  degrees.  It 
is  weakest  when  the  angle  is  90  degrees,  directly  reflecting  the 
symmetry  of  the  p-orbital.  In  Fig.  4  we  show  the  metal  ion 


16c 


Fig.  4  A  and  £>  site  nearest  neighbors  of  an  oxygen  ion 
in  perfect  spinel  lattice 

configuration  around  an  oxygen  ion  in  the  spinel  lattice.*"  The  B 
sites  are  at  the  corners  of  a  perfect  cube,  while  the  A  site  lies 
on  the  diagonal.  In  compounds  like  Fc,0^  or  Ni  Fr.,D^ ,  magnetic 
ions  occupy  both  the  A  and  B  sites,  and,  although  the  angle  is 
less  than  180°,  it  is  still  large  and  the  si  iper  ex  change 
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interaction  is  near  its  ma::  1  mum ,  rrsultinq  in  transtion 
temperatures  of  order  1000K.  A  second  possibility  is  that  the 
transition  metal  ions  occupy  only  the  A  sites,  as  in  FeAl^O^  or 
CoAl^O^.  In  this  case,  as  can  be  seen  -from  Fig.  5,  the 
interaction  via  an  intermediate  □  ion  involves  even  longer 
distances  than  the 'exchange  interaction  between  two  B  sites. 
This  is  confirmed  by  the  fact  that  these  two  compounds  have  even 
lower  N6el  transitions  (T^  =  8K,  and  4K  respectively)  than  all 
the  materials  in  Tables  1  and  2,  in  which  the  magnetic  ions  sit 
on  the  B  sites.  Both  the  A-A  and  B-B  systems  have  much  weaker 
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•  "  A  □  =  E  O  =  02~ 

Fig.  5.  Two  octants  of  perfect  spinel  unit  cell  (Kef  .  2) 
interactions  because  the  bond  angle  is  close  to  90°,  unlike  the 
case  of  the  A-B  interaction.  Furthermore,  as  mentioned  above  and 
visible  from  Fig.  5,  if  the  interaction  is  f er romannet l c  in 
character  between  the  S  sites,  then  the  spins  are  frustrated  in 
the  sense  that  if  all  the  neighbors  of  a  aiven  spin  are  aligned 
ant i — par al 1  el  to  it,  then  the  neighbors  are  unfavorably  aligned. 


namely,  parallel.  This  requires  either  the  spins  to  align  in  a 
complex  pattern  that  does  not  take  maximum  advantage  of  the  Anti  - 
ferromagnetic  interaction  or  the  lattice  to  distort  to  remove  the 
f rustr at i on . 

From  the  trends  revealed  above  it  would  appear  that  a  number 
of  the  normal  spinels  with  non-magnetic  A  site  ions,  and  small 
metal  ions  should  give  rise  to  interesting  low  temperature 
anomalies  such  as  ant i -f er r omagnet i c  ordering  and  lattice 
distortions.  We  note  that  it  may  well  be  possible  to  fine  tune 
the  properties  o-f  a  spinel  o-f  this  type  by  use  of  an  alloy  of  the 
A  site  metal ,  as  in  the  Culn  and  Agin  compounds. 
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INTRODUCTION 


In  the  last  report  of  our  series  on  the  theory  of  the  B-site 
spinels,  the  structure  of  the  spinel  class  of  ferrite  materials 
was  considered.  In  particular,  the  two  materials  of  interest  in 
these  studies,  zinc  chromite,  ZnCraO^,  and  cadmium  chromite, 
CdCr3CU,  were  shown  to  fit  into  a  pattern  of  magnetic  and 
structural  instabilities  at  low  temperatures.  To  summarize 
briefly  our  findings,  we  recall  that  the  two  metal  ions  occupy 
two  distinct  types  of  sites  in  the  spinel  lattice,  denoted  by  A 
and  B. 1  When  magnetic  ions  sit  on  both  the  sites,  a  strong 
interaction  occurs  between  the  two  sublattice  spins,  of  a 
anti  parallel  nature.  This  leads  to  a  high  temperature  transition 
to  a  -generally  f errimagnetic  state;  since  the  A  and  B  sites  are 
inequivalent,  the  moments  on  the  A  and  B  sites,  although 
oppositely  alligned,  do  not  cancel  completely. 

The  situation  is  rather  different  for  the  case  we  are 
interested  in,  \  when  the  A  site  is  occuppied  by  the  non-magnetic 
ion  Zn  or  Cd.a  In  this  case  there  is  no  large  magnetic 
interaction  between  the  A  and  B  sites;  instead  a  much  weaker, 
right-angle  bond  between  the  magnetic  ions  on  neighboring  B  sites 
becomes  the  dominant  interaction.  We  shall  call  the  spinels  in 
which  no  magnetic  ion  sits  on  an  A  site,  B-site  spinels.  for 
brevity.  The  B-site  spinels  are  characterized  by  much  lower 
magnetic  instablity  temperatures ,  of  order  10  Kelvin,  due  to  the 
weaker  interaction;  and  by  the  presence  of  "frustration"  in  the 
arrangement  of  bonds  in  the  B  sublattice.  Frustration  occurs, 
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for  example,  when  two  neighbors  of  a  given  spin  are  also 
neighbors;  all  three  spins  cannot  then  be  alligned  in  an 
antiparallel  configuration.  As  a  result  there  is  a  tendency  for 
the  lattice  to  distort  in  order  to  reduce  the  frustration  and 
increase  the  spin  ordering  energy.  The  spin  ordering  of  the 
B-site  spinels  can  therefore  be  very  complex  and  is  often  coupled 
to  a  lattice  transf ormation ,  giving  rise  in  general  to  a  very 
rich  set  of  low  temperature  phenomena. 

In  the  present  study  we  attempt  to  find  the  important 
variables  that  are  necessary  to  discribe  the  behavior  of  the  zinc 
and  cadmium  chromites.  Proceeding  from  an  analysis  of  the 
structure  of  these  materials,  we  write  down  a  first  principles 
Hamiltonian  that  characterizes  the  interaction  of  the  moments 
with  each  other,  the  lattice ,  and  the  external  fields.  Then  we 
proceed  to  extract  the  relevant  order  parameters  that  enable  a 
theory  of  a  mare  phenomenological  Ginsberg-Landau  nature  to  be 
obtained.  From  comparison  with  some  of  the  experiments,  the 
characteristic  interactions  in  the  theory  may  be  determined  and 
some  of  the  unusual  properties  of  these  materials  understood. 

The  microscopic  Hamiltonian  discribes  the  interaction  between 
he  spins  S*  on  various  sites  i.  The  lattice  of  B-sites  where  the 
spins  sit  in  the  spinel  structure  is  shown  in  Fig.l.3  The 
interaction  between  two  neighboring  B-spins  occurs  via 
superexchange  though  the  A  ion.  Since  this  B-A— B  bond  may  be 
seen  to  form  a  90**  angle,  the  magnitude  of  the  interaction  is 
very  weak.  Denoting  this  interaction  by  J±j,  the  Hamiltonian  has 
the  form 
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where  the  Greek  indices  denote  Cartesian  coordinates  x,  y,  z, 
while  the  indices  i,  j,  k  run  over  B  lattice  sites,  and  repeated 
indices  are  summed  over.  The  interaction  K  denotes  the  coupling 
of  the  spins  to  the  lattice  distortion  *,  and  H«,  is  the  external 
magnetic  field.  Although  Eq.  (1)  is  quite  general,  we  will  for 
the  present  ignore  next-nearest  neighbor  interactions  and 
consider  i,  j,  and  k  to  run  only  over  nearest  neighbors.  Then 
roughly  speaking,  the  magnetic  transition  temperature  is  given  by 
the  magnitude  of  J,  while  the  magnitude  of  K  determines  the 
extent  of  the  lattice  distortion  in  the  magnetic  phase. 

The  above  Hamiltonian  contains  too  much  information  for 
present  purposes.  We  really  only  need  a  discription  involving 
the  averaged  quantities,  the  sublattice  magnetizations, 

M  (r)  =  E  S.  (2) 
i  €1 

where  the  sum  is  over  all  sites  i  on  the  sublattice  1  in  a  small 
volume  around  the  point  r  in  the  crystal.  Mi Cr>  thus  represents 
the  sublattice  magnetization  which  may  vary  slowly  in  space 
throughout  the  material.  An  expression  for  the  free  energy  F  of 
the  system  expressed  in  terms  of  Mi  (r)  may  be  formally  obtained 
by  integrating  out  the  degrees  of  freedom  associated  with  the 
motion  of  the  individual  spins: 

-FCMil/kT  _  .  -H (Si ) /kT 
e  =  Tr  e 

where  the  trace  is  carried  out  over  all  spin  degrees  of  freedom 


except  for  the  slowly  varying  envelope  function  rl(r). 

The  result  of  this  process  is  to  obtain  a  free  energy 
functiional  of  the  Ginsberg-Landau*  type  which  describes  the 
possible  phases  of  the  material  in  terms  of  the  order  parameters, 
the  sublattice  magnetizations.3  The  expression  for  the  free 
energy  functional  has  the  form 


F  =  jd*r  [  E  »la  H 


+  L  M,  M  -  M  M 

nfi  lmnp  la  mff  ni r  pu 


«  dM. _  dM 

♦  E  C?eir“  3-11  3-2“  +  E 

In  dr  dr 

a  a 


M.  H  1 
la  a  J 


The  first  term  in  F  is  the  energy  of  the  sublattice  magnetization 
mode;  the  matrix  A  has  all  positive  eigenvalues  at  high 
temperatures,  one  of  which  approaches  zero  first  as  the 
temperature  is  lowered.  That  temperature  defines  the  point  at 
which  the  normal  phase  becomes  unstable.  The  eigenvector 
corresponding  to  the  first  zero  eigenvalue  characterizes  the 
nature  of  the  magnetic  order  below  the  transition.  In  the  B  site 
spinels,  this  is  usually  an  anti  ferromagnetic  state.  The  second 
term  in  (4)  is  the  interaction  energy  of  the  modes  and  B  must  be 
positive  to  stabilize  the  system  when  A  goes  negative.  The  third 
term  is  the  spin  wave  energy  associated  with  a  deformation  of  a 
uniform  configuration  of  the  magnetization  modes.  Finally,  the 
last  term  represents  the  coupling  of  the  total  magnetization  to 
the  external  magnetic  field. 

It  is  difficult,  if  not  impossible,  at  this  time  to  predict 
from  first  principles  which  combinations  of  sublattice 
magnetizations  will  become  favored  below  the  transition;  however. 
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In  order  to  cleari-fy  the  physics  involved,  we  will  start 
a  simpler  sublattice  than  that  actually  involved  in  ZnCraO*. 
e-f-fect,  as  a  -first  approximation  we  keep  only  the  minimum  n 


principle.  It  should  be  noted  that  there  are  no  linear  couplings 
between  1  and  m  (i.e.,  l*m)  since  they  would  require  <m>  to  be 
■finite  when  <1>  was  -finite,  in  contradiction  of  the  assumption  of 
no  spontaneous  magnetization. 

We  consider  first  the  mean  field  solution  for  the  order 
parameters  which  is  obtained  by  setting  the  variation  of  the 
functional  (5)  with  respect  to  1  equal  to  zero  and  similarly  for 

mi 

0  *  a  1  +  ff  II  |21  +  rim|2lv  (6a) 
0  =  a  m  +  b  |  m  |2m  +  ni|2m  -  H  .  (6b) 

i 

In  examining  the  nature  of  the  solution  of  these  equations,  we 
will  first  assume  that  the  coupling  r  is  weak  and  thus  may  be 
neglected.  In  that  case,  when  the  external  magnetic  field 
vanishes,  the  only  solution  for  m  is  zero  since  all  terms  in  Eq. 
(6b)  are  positive.  Eq  (6a)  then  implys  that  there  are  two 
solutions  for  1,  depending  on  the  sign  of  <x.  To  summarize,  for 
weak  coupling  and  no  magnetic  field  the  solutions  are: 


3 

0 

li 

O 

for 

H 

— 

0 

and 

r  >  0 

(7a) 
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a 
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In  the  presence  of  a  finite  magnetic  field,  the  magnetization 
m  will  become  nonzero.  To  consider  this  situation,  we  examine 
Eq.  (ob)  again.  Firstly,  as  long  as  m  remains  small  we  may 
neglect  the  term  involving  the  coefficient  b,  since  that  term  is 


proportional  to  m3.  Secondly,  we  use  the  solutions  (7b)  and  (7c) 
for  1;  this  is  equivalent  to  assuming  that  the  interaction 
between  1  and  m  has  a  weak  effect  on  the  antif erromagnetic  order. 
Solving  Eq.  (6)  gives 

mo  =  — —  for  T  >  TN  (8a) 

mo  =  - ^ — : —  for  T  <  Tn  (8b) 

a  ♦  run 

From  Eqs.  (8a)  and  (8b)  we  see  that  the  magnetization  is  linear 

in  the  applied  field,  however,  the  susceptibility,  X  =  m/H 

changes  as  the  temperature  is  lowered  below  the  N6el  point 


X  = 


for  T  >  T, 


X  = 


2a  +  2r|tx| 

e 


for  T  <  Th 


As  noted  above  the  assumption  of  an  absence  of  spontaneous 
magnetization  implies  that  the  parameter  a  is  positive  and 
non— vani shi ng ,  with  a  weak  temperature  dependence  in  the  vicinity 
of  Tn,  whereas  |cx|  increases  linearly  below  TN.  Therefore  we 
expect  the  susceptibility  to  be’  weakly  temperature  dependent 
above  TM,  but  to  have  a  strong  temperature  dependence  below  TN. 
From  the  experimental  observation*  that  the  susceptibility 
increases  as  the  temperature  is  lowered  below  T*,,  we  conclude 
that  the  interaction  parameter  T  is  negative,  i.e.,  the  occurance 
of  the  ant i f erromagneti c  order  enhances  the  tendency  toward 


ferromagnetic  order.  In  Eq.  (9b)  we  have  defined  the  parameter 


el ,  which  plays  the  role  of  a  renormalized  f  erromagneti  c  mode 
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energy.  The  temperature  dependence  of  the  susceptibility  is 
manifested  in  the  temperature  dependence  of  £  which  arises  from 
the  coupling  to  the  antif erromagnetic  mode. 

We  now  proceed  to  calculate  the  specific  heat  due  to  the 
various  modes  in  the  system.  First  we  calculate  the  specific 
heat  in  the  mean  field  approximation;  in  our  next  report  we  will 
evaluate  corrections  to  the  mean  field  result  due  to 
fluctuations.  This  should  give  us  a  reasonable  overall  picture 
for  the  specific  heat  near  the  anti  ferromagnetic  transition  in 
our  system,  although  we  da  not  expect  the  results  to  necessarily 
be  quantitatively  accurate  unless  the  material  has  long  range 
interactions  which  justify  the  mean  field  approximation.  From 
thermodynamic  arguments  the  specific  may  be  obtained  from  the 
free  energy* 


C  = 


-T 


d3F 

d=*T 


CIO) 


where  the  thermodynamic  free  energy  is  given  in  terms  of  the  free 
energy  functional  FCl,mlt  integrated  over  the  degrees  of  freedom 
1  and  m  (see  Eq.  (3),  for  example).  Thus 

-F/kT 
e 


DIDm 


-FC1 ,ml/kT 


(11) 


where  the  angular  integral  sign  denotes  an  integral  over  the 
functions  1  (r)  and  m(r).  The  mean  field  approx i n\ati on  estimates 
the  functional  integral  in  (11)  by  simply  replacing  the  integral 
by  the  value  of  the  integrand  at  its  maximum  value.  The  effect 
of  fluctuations  may  then  be  included  by  integrating  gaussian 
fluctuations  around  the  maximum  value.  The  maximum  value  of  the 
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exponential  is  given  by  the  minimum  value  of  the  functional 
FCl,ml;  however  the  minimum  value  of  FCl,ml  corresponds  to  the 
equilibrium  solutions  for  the  order  parameters  10  and  m0  found  in 
Eqs.  (7)  and  (8) .  Thus 

FC 1 ^  m 1 mi n  —  F  C 1 o, m03 

(12) 

la  |2  H  = 

~  ~  4a 

The  temperature  dependence  of  the  free  energy  arises  from  the 
dependence  of  a  on  temperature.  As  noted  above,  a  varies 
linearly  with  temperature  in  the  vicinity  of  TN,  however,  at  low 
temperatures  a  must  become  independent  of  temperature' in  order  to 
be  consistent  with  the  third  law  of  thermodynamics.  We  assume 
the  fallowing  farm  for  a,  which  gives  a  typical  temperature 
dependence  for  the  order  parameter: 

r  T-  -  t*-3  i 

«  =  «o-  I - 2J~3- -  (13) 

Combining  Eqs.  (10),  (12),  and  (13),  gives  for  the  specific 

heat 

C  =  Cm  for  T  >  Tn  (14a) 

~T 

C  ’  [-fc]  fTT  [  1  *  IS  H“  ]  *  C"  ,or  T  <  T~  ‘*4b’ 

where  C„  is  the  specific  heat  in  the  normal  phase.  The  first 
term  in  (14b)  is  the  jump  in  the  specific  heat  at  the  transition, 
while  the  second  term  represents  the  change  in  the  specific  heat 


in  a  finite  magnetic  field. 


We  see  that  the  specific  heat 


increases  in  a  magnetic  field,  although  this  result,  it  should  be 
noted,  only  holds  for  fields  such  that  rim0|  «  la  I  or 


In  summary,  we  have  examined  the  microscopic  models  for  the 
description  of  the  B-site  spinels,  and  have  derived  predictions 
for  the  susceptibility  and  the  specific  heat  in  the  leading 
approximation.  The  results  show  a  very  interesting  and 
unexpected  behavior*  namely,  the  linear  dependence  of  the 
magnetization  on  external  magnetic  field  associated  with  a 
strongly  temperature  dependent  susceptibility  below  the  N6el 
transition,  and  the  related  phenomena  of  the  increase  of  the 
specific  heat  in  the  external  field.  In  our  next  report  in  this 
series  we  will  include  fluctuations  in  the  calculation,  extend 
the  results  to  more  complex  magnetic  sublattice  structures,  and 


undertake  some  detailed  comparisons  with  the  experimental  data. 
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INTRODUCTION 

In  our  previous  reports  on  our  research  on  the  B-site  spinel 

phases,  we  have  developed  a  theoretical  model  tor  compounds  ot 

the  type  represented  by  zinc  chromite,  ZnCr^O^,  and  cadmium 

chromite,  CdCr^O^.  The  magnetic  properties  ot  these  materials 

were  character! zed  by  weak  interactions  amoung  the  magnetic  ions, 

compared  to  ordinary  magnetic  materials,  and  consequently  low 

1  2  T  5 

magnetic  transition  temperatures.  ’  In  addition,  the 

arrangement  at  the  magnetic  ions  on  the  lattice  leads  to  a  high 
degree  ot  trustration  in  the  mutual  antiferromagnetic  ordering  of 
the  spins.  As  a  first  step  in  treating  these  materials 
theoretically,  we  derived  a  Gi nzburg-Landau  free  energy  which 
involved  two  order  parameters.  The  first  was  the  sublattice 
magnetization  1 K  =  E^  -  Mjcx)  *  representing  the  anti- 

f erramagneti cal ly  ordered  spins,  and  the  second  was  total 
magnetization  m^  =  E-M- K,  corresponding  to  the  component  of 
f erramagneti cal  1 y  ordered  spins.  We  noted  that  the  f erromagneti c 
order  never  developed  in  CdCr^O^  and  ZnCr^O^,  but  that  the 
paramagnetic  spins  influenced  the  other  order  parameter  and  gave 
rise  to  a  temperature  dependent  magnetic  susceptibility.  The 
free. energy  as  a  functional  of  these  two  order  parameters  is 

r  T.  2£4  2  2b4 

F  =  jd*r  [  will  +  %  1 1  I  +  <$lvll  +  a  I  m  I  +  =rlml  + 

( 1 ) 

+  clvml“+  r  1 1  |  ~  |  m  I  -  m-H  ] 

Since  we  will  be  dealing  with  fluctuations  in  the  report,  Eq.  (1) 
has  been  generalized  to  include  the  gradient  energy  associated 
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with  de-formations  of  the  magnetization  m. 


In  our  last  report  we 


found  the  solutions  to  (1)  in  mean  field  theory 


L  t=Sl,/: 
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2a 
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2a  + 


2T  I  c<  1 
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T  > 

T  < 

T  > 

T  < 
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N 
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(2) 


(3) 


In  the  present  report  we  evaluate  the  corrections  to  mean  field 
due  to  fluctuations.  Since  the  fitted  exponents  for  the  specific 
heat  exponent  are  large,  it  may  be  of  quantitative  interest  to 
consider  the  fluctuations  in  the  Gaussian  or  weak  fluctuation 
limit.  The  large  exponents  indicate  that  the  transitions  may 
possibly  have  a  reasonably  large  region  over  which  classical 
exponents  are  an  accurate  fit.  We  will  consider  later  the 
critical  region  and  the  need  for  a  renormal i zati on  group 
appr oach . 

To  obtain  the  fluctuation  corrections  to  the  mean  field 
behavior  we  expand  the  partition  function 


e-F/kBT  = 


— F  Cl , m  3 /k  nT 
DIDm  e  B 


(4) 


about  the  mean  field  solutions  given  by  Eqs.  (2)  and  (3)  ,  and 
then  carry  out  the  functional  integral  over  gaussian  fluctuations 
away  from  the  mean  values.  The  free  energy  functional  becomes 


F  ( 1  ,  m )  =  - 


H- 

4a 


E  («'  +  cSk^)  II,  I*-  +  E  (a  +  cq~)  |ml~ 

k  k  q  q 
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•far  T  >  T^,  where  «  '  =  a  +  rH*V4a^.  Inserting  the  result  (5)  in 
the  -functional  integral  (6)  and  carrying  out  the  integration 
gives 


F  = 


-  kBJ  11 


-[frv1  ; 


(6) 
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kB  T  -.3/7 


cx  '  + 
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a  +  cq“  j 


The  specific  heat  (per  unit  volume)  may  now  be  directly  obtained 
from  the  free  energy  in  the  usual  fashion 


r> 


dT" 


3  kB 

r  i_  „ 

■jf 

kB 

r  I_ 

l*r  r“°T‘  1" 

1 6fT  3 

1  Tc  J  t,1* 

161T 

««3 

L  Tc 

J  L  »*  J 

(7) 
+  C 


where  the  coherence  length  for  the  anti f erromagneti c  order 
parameter  is  defined  by  =  £5/«qTc,  and  the  f erromagneti c  one  by 
?m  =  c/a,  and  t  ^  —  t  +  rH2/4a2«aTc ,  t  m  =  1  —  r«/af?  =  1  -  ir«|/a<?, 
where  the  reduced  temperature  t  =  (T  —  T^J/Ti.g.  This  gives  the 
specific  heat  above  the  N£el  temperature.  To  find  the  specific 
heat  in  the  region  below  the  transition,  the  functional  integral 
is  expanded  around  the  mean  field  solution  below  T^  and  a  similar 
integration  carried  out.  The  result  after  strai ghtf or ward 


manipulations  is 


*  l— i  r 1  *  j  -  ^  t  <  tn  m 

where  below  T^,  the  reduced  temperature  t'  is  given  by  t'  =  2  1 1  1 

n  n 

+  rH~ /4a~cxoTc  ,  and  a'  =  a  +  Plcxl/#  =  a  -  |rcx|/<?.  We  will  return 

to  these  equations  when  we  compare  them  to  the  experimental  data 
on  CdCr^O^  and  ZnCr-,0^. 

We  consider  now  the  possibility  -for  large  exponents  cx  -for  the 
specific  heat  critical  exponent.  We  give  a  simple  argument  that 
the  exponent  c<  cannot  exceed  one  for  thermodynamic  consistency, 
but  then  explore  a  non-thermodynamic  situation  in  which  an 
effective  exponent  does  exceed  unity,  and,  in  fact,  where  cx  = 

■?  /  o 

The  specific  heat  critical  exponents  are  defined  by 

— oc  + 

C  K  t  as  t  -»  0 

(9) 

C  s  It  as  t  -*  0~ 

Since  the  free  energy  is  related  to  the  specific  heat  upon  taking 
two  derivatives  with  respect  to  temperature  it  follows  that  the 
free  energy  contains  the  contribution 

t^~a  as  t  -»  0+ 

. F  ~  (10) 

1 1  U  as  t  a  0 

Now,  however,  it  follows  from  the  basic  relation  between  the  free 
energy  and  the  entropy,  S  =  -dF/dT,  that  the  entropy  must  contain 
the  term 
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1 1  |  1  a  as  t  -*  O 


(11) 


Thus  it  follows  that  in  order  for  the  entropy  to  be  finite  at  the 
transition,  we  must  have 
«  <  1 

u ' <  1  (12) 

Another  way  to  see  the  same  result  is  to  consider  the  entropy 
above  the  transition^3 


S 

CO 


-s 

c 


dT  =* 


t+1 


dt 


T  si  n  ( 1  -a )  it 
c 


(13) 


if  the  specific  heat  has  a  contribution  of  the  form  C  =  CQ  + 
Cjt  fl  and  «  satisfies  0  <  a  <  1.  Again,  as  «  -*  1  the  entropy  may 
be  seen  to  diverge. 

We  now  consider  an  argument  which  in  a  di Bordered  material 
can  produce  an  exponent  larger  than  unity.  This  does  not  violate 
the  thermodynamic  constraint  discussed  above  since  the  system  is 
in  a  quenched  disordered  state  rather  than  one  of  thermodynamic 
equilibrium.  Consider  the  free  energy  above  for  just  one  order 
parameter,  either  .1  or  m,  in  principle.  We  assume  that  the  order 
parameter  couples  to  locally  random  fields  which  average  to 
zero,  *'H  >  =  0,  thus  m  satisfies  the  equation 

H 

,  =  - - - =;  (  14 

a  +  cq" 


and  therefore  the  average  of  m  vanishes  due  to  the  effect  of  the 


random  Helds  acting  on  it 

<  H  > 

<m  >  =  - - - =;  =  0  (15) 

q  a  +  cq‘ 

However,  the  square  of  the  local  fields  does  not  vanish,  <H  ^  >  = 

cr  *  0,  and  square  of  the  order  parameter  exists 


<m^>  =  E  - <  16) 

™  (a  +  cq“)  “ 

To  calculate  a  specific  heat  we  recall  that  C  is  related  to  the 
order  parameter  in  a  simple  way 


m 


dF 

da 


d  <  m  **  > 
da 


(17) 


Combining  Eqs.  (16)  and  (17)  gives  the  following  result  for  the 
specific  heat 


C  ~ 


d  q 


( a 


cq2 ) 


—  ~  a 


-3/2 


( IB) 


In  just  what  sense  the  last  relationship  (17)  represents  the 
actual  specific  heat  remains  to  be  investigated.  We  plan  to 
return  to  this  question  when  we  examine  in  detail  the  role  of 
disorder  in  these  materials.  v 

In  are  next  two  reports  we  will  complete  the  study  of  the 
thermal  properties  by  considering  the  thermal  conductivity,  and 
then  apply  the  various  theoretical  results  we  have  obtained  to 
attempt  to  fit  the  experimental  data  on  CdCr^O^  and  ZnCr-,0^. 
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INTRODUCTION 


In  our  last  report  on  our  research  on  the  B-site  spinel 

phases,  we  applied  our  theoretical  model  -for  compounds  o-f  the 

type  represented  by  zinc  chromite,  ZnCr204,  and  cadmium  chromite, 

CdCr-,0^,  to  the  calculation  of  the  thermal  properties  such  as  the 

specific  heat.  We  recall  that  the  magnetic  properties  of  these 

materials  were  char acter i z ed  by  weak  interactions  amoung  the 

magnetic  ions  and  consequently  low  magnetic  transition 

temperatures.  x  ’  An  important  feature  was  the  fact  that  the 

arrangement  of  the  magnetic  ions  on  the  lattice  leads  to  a  high 

degree  of  frustration  in  the  mutual  anti f erromagneti c  ordering  of 

« 

the  spins.  Our  first  approach  to  the  theory  of  these  materials 

4 

was  to  derive  a  Gi nzburg-Landau  free  energy  which  involved  two 
order  parameters,  the  first  being""  the  sublattice  magnetization  1 
=  E-  -CM-  -  M  •  >  ,  representing  the  anti f erromagneti cal  1 y 
ordered  spins,  and  the  second  the  total  magnetization  mc<  =  , 

corresponding  to  the  component  of  f erromagnet i cal  1 y  ordered 
spins.  The  f erromagnet i c  order  never  fully  develops  in  CdCro04 
and  ZnCr-,0^,  but  the  paramagnetic  spins  influence  the  other  order 
parameter  _  and  gave  rise  to  a  temperature  dependent  magnetic 
susceptibility.  The  specific  heat  showed  the  singularity  at  T^ 
due  to  the  ordering  of  the  anti f erromagneti c  spins,  but,  in  a 
very  interesting  feature,  the  specific  heat  was  also  enhanced 
below  T^  by  the  effect  of  the  fluctuations  in  the  remaining 
unardered  paramagnetic  spins.  Reasonable  fits  of  the 
experimental  data  on  CdCr-,Q4  and  Zn  have  been  made  and  will 
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be  discussed  in  our  next  report.  In  the  present  report  we  wish  to 


consider  the  thermal  conductivity  o-f  these  materials. 

THERMAL  CONDUCTIVITY 

The  simplest  Linetic  theory  argument  gives  the  result  that 
the  excitations  or  particles  of  a  system  carry  heat  in  proportion 

Q 

to  their  specific  heat  C,  velocity  v  ,  and  mean  free  path  x 

K=4cv\  =  —  Cv“t  (1) 

o  o  a 

where  the  mean  free  path  is  related  to  the  scattering  time  t  by  a 

=  vqt .  For  phonons  in  crystals  at  low  temperatures  the  specific 

heat  is  proportional  to  the  number  of  phonons,  which  goes  as  T~', 

while  the  scattering  rate  has  contributions  that  arise  from 

boundary  (or  impurity)  scattering  which  are  temperature 

independent  as  well  as  phonon  scattering  terms  which  vary  as  T" .  6 

In  magnetic  systems,  both  the  specific  heat  as  well  as  the 

scattering  rate  depend  on  the  type  of  excitations  in  the 

material.  In  f erromagnet 1 c  systems,  the  spin  wave  excitation 

energies  have  a  quadratic  wave  number  dependence,  u(q)  ~  q*". 

~/r> 

Consequently,  the  specific  heat  varies  as  T~  “  well  below  the 
Curie  temperature,  and  the  spin  wave  scattering  rate  has  a 
similar  temperature  dependence.  In  an  anti f erromagnet ,  however, 
the  spin  waves  have  a  linear  dispersion,  o  ( q )  ~  q,  1  l  ke  phonons, 
and  thus  give  rise  to  T contributions  to  both  the  specific  heat 
and  scattering  rates. 

The  general  formula  for  the  thermal  conductivity  may  be 
expressed  in  terms  of  the  Green's  functions  G ( k , u )  describing  the 
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fundamental  excitations  of  the  system: 


"kBT‘v  L 


2  -~h<j/k_T 

u  e  B 


[."“'V  -  1]! 


T  r < v  I mG ( id )  v  ImG(u) 
M  v 


In  the  materials  of  interest  here,  CdCr^Q^  and  ZnCro0^,  there  are 


at  least  two  types  o-f  excitations  contributing  to  the  thermal 


conductivity,  the  phonons  and  the  spin  waves;  the  latter 


contribute  as  propagating  modes  well  below  T.,  and  as  diffusive 


modes  in  the  vicinity  of  T...  The  scattering  of  the  phonons  is 


determined  by  fluctuations  in  the  local  crystalline  density,  such 


as  those  caused  by  impurities,  boundaries,  or  other  phonons-  The 


effect  Gf  spin  fluctuations  on  the  phonon  scattering  depends  on 


the  coupling  of  the  spins  to  deformations  of  the  lattice;  as  we 


have  noted  in  our  first  report  in  this  series  on  structural 


properties  of  these  spinels,  in  the  pure  phase  there  is  usually  a 


small  tetragonal  lattice  distortion  accompanying  the  anti- 


f er r omagnet 1 c  transition.  Thus  we  have  strong  experimental 


evidence  of  a  significant  spin-lattice  coupling,  which  implys  a 


term  in  the  fundamental  hamiltonian  of  the  form 


sp-ph 


=  fdl 


r  g  1 1  I  **  I  v  q  | 


where  q  '  is  the  dispalcement  of  the  lattice.  With  this 


interaction,  and  using  some  simplifying  assumptions,  the  thermal 


conductivity  expression  (3)  reduces  to  the  form 


r,  .  =  ~  2  C  C  u  C  k  )  1  I  v  <  k  ) 

V  l  l 

k,  i 


t  (k)  cos  9 
i 


where  Clui  (k)  ]  is  the  specific  heat  contribution  of  a  mode  with 


V  ■  **\**  \*'w  /  •  ■  *,"■  h"'  I. ^  r  '  . 


energy  ui  (k)  ,  v^  (k)  is  the  velocity  of  the  mode,  ( k >  its 


relaxation  time,  and  V  is  the  volume.  Eg.  (4)  shows  that  all 


modes  contribute  to  the  thermal  conductivity  in  the  form  of  the 


simple  Eq.  (1),  but  that  the  contributions  are  summed  over  the 


type  of  mode  i  and  its  wavenumber  k. 


We  consider  first  the  contribution  of  the  phonons  to  the 


thermal  conducti vi ty .  For  temperatures  well  above  the  Debye 


temperature,  the  specific  heat  is  constant  and  equal  to  3Nkg. 


The  velocity  v  is  the  sound  velocity,  while  the  mean  free  path 


nay  be  obtained  from  the  following  argument.  The  scattering  is 


proportional  to  the  local  variation  in  the  velocity,  which  arises 


from  fluctuations  in  the  local  density: 


r  _j*P  ' |: 

Toh  Aoh  a  v  J  a  1  p  J 


where  p  is  the  density,  V  is  Gruneisen's  constant,  and  a  is  the 


lattice  constant.  The  thermal  average  of  fluctuations  in  the 


density  (or  volume)  may  be  obtained  from  the  equi  parti  ti  on 


theorem , 


m2- 


V  V  = 


N  kBT 


Vr>  v' 


where  K  is  the  isothermal  compressibility. 


Thus  the  thermal 


conductivity  becomes 


which  shows  the  well-known  inverse  temperature  dependence  of  the 


k«’,  •*»  •"  •  **  -  *"■  •  <  ’’ . 
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conductivity  at  high  temperatures,  ar ising  -from  scattering  -from 


lattice  fluctuations  having  a  probability  proportional  to  the 
temperature.  As  the  temperature  is  lowered,  for  a  pure 
crystalline  material  the  umklapp  scattering  processes  (those 
with  momentum  change  larger  than  2tT/a)  become  the  determining 
factor  since  small  angle  scattering  preserves  the  momentum  and 
energy  of  the  phonon  heat  current.  Since  these  processes  involve 
an  exponential  of  the  deBye  energy  over  the  temperature,  the 
thermal  conductivity  drops  rapidly  until  the  scattering  length 
becomes  limited  by  the  boundaries  of  the  sample  for  a  pure 
specimen,  or  the  average  spacing  between  impurities  or  lattice 
imperfections  for  disordered  samples. 

We  consider  now  the  analogous  situation  for  the  scattering  of 
spin  Waves.  Below  a  good  fraction  Qf  the  heat  may  be  carried 
by  spin  waves  in  the  ordered  magnetic  phase.  At  low  temperatures 
the  fluctuations  in  the  magnetic  ordering  are  small  and  the  spin 
waves  propagate  freely.  As  the  temperature  increases  toward  , 
however,  fluctuations  increase  and  the  spin  wave  scattering  also 
increases,  thus  tending  to  decrease  the  spin  wave  contribution  to 
the  thermal  conductivity.  The  spin  wave  modes  give  a  large 
contribution  to  the  specific  heat  near  T^,  though,  and  the  net 
effect  an'  the  thermal  conductivity  reflects  the  competition 
between  these  effects. 

We  first  estimate  the  spin  wave  scattering.  Following  the 
argument  given  above  for  phonons,  we  expect  a  contribution  to  the 
scattering  proportional  to  the  fluctuations  in  the  order 
parameter  1,  since  the  spin  wave  velocity  depends  on  the 
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stiffness  of  the  magnetic  order.  Thus  the  spin  wave  fluctuation 
scattering  should  be  given  by 


1  =  v  y2 

'  hi  '  a  1 


■  (9) 


where  Y^  is  an  effective  Gruneisen  constant.  From  the  free 
energy,  far  the  anti  f  erromagneti  c  state  described  in  the  second 
report  of  this  series  we  may  calculate  the  fluctuations  in  the 
order  parameter  1 


FT  =  3keT  (co  '  ci“  5 


a  +  5  q 


§  - -  “  ~  =  k  T  [c  -  c  (2  |c<  |  )V'2] 

q  2  I  c<  I  +  B  °  1 


The  scattering  rates  for  the  different  mechanisms  are  additive  if 
the  scattering  is  not  too  strong,  thus  the  total  scattering  rate 
can  be  written 


1  1 


L  +  L  +  1 

T  T  T 

imp  ph+afsw  fl 


=  a^  +  a^,T  f  (a.,  -  a^  |«  |  ‘)  T 


where  a^  ,  a-, ,  and  a-  and  a^  are  constants  proportional  to  the 
amount  of  boundary/impurity,  phonon/anti f erromagneti c  spin  wave, 
and  spin  fluctuation  scattering,  respectively.  To  illustrate  the 
nature  of  our  results  for  the  thermal  conductivity  we  use  the 
scattering  rate  (10)  in  Eg.  <4>,  together  with  the  result  for  the 
specific  heat  from  our  prevoius  report 


*  “  .v  /.  ; 

v  *  **  V*  ^  *  n  - 

Vo  HJT'k.1 *^**.^j»  ^  •* *  *  u 


-  >;*v 
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where  C..  and  C,  indicate  the  specific  heat  above  and  below  T^, 
respectively,  and  the  other  parameters  are  defined  in  our  last 
report.  Figs.  1  and  2  show  plots  of  the  specific  heat  and  the 
thermal  conductivity,  using  the  above  equations  with  a  typical 
set  of  parameters  far  ZnCr-,0^.  The  same  values  of  the  fitting 
constants  have  been  used  for  both  the  specific  heat  and  the 
thermal  conductivity.  It  may  be  noted  that  the  specific  heat  has 
a  large  increase  at  the  transition,  approx i matel y  a  factor  of 


seven,  while  the  thermal  conductivity  has  an  increase  of  only 
about  a  factor  of  two.  The  difference  comes- from  the  increase  in 
the  scattering  of  spin  fluctuations  near  the  transition.  In  our 
next  report  we  will  extend  this  numerical  analysis  to  a  detailed 
comparison  with  the  data  for  the  specific  heat  and  thermal 
conductivity  of  both  ZnCr^O^  and  CdCr-,0^. 
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INTRODUCTION 


Our  previous  reports  in  this  series  on  research  on  the  B-site 
spinel  phases  developed  a  theoretical  model  tor  compounds  of  the 
type  represented  by  zinc  chromite,  ZnCr30»,  and  cadmium  chromite, 
CdCr30».  We  found  that  the  magnetic  properties  of  these 
materials  arose  from  weak  interactions  among  the  magnetic  ions, 
which  explained  the  low  magnetic  transition  temperatures  of  order 
10  to  20K.1*2*3*0  The  other  character i st i c  feature  of  these 
materials  was  the  frustrated  arrangement  of  the  magnetic  ions  on 
the  lattice  with  respect  tr  the  mutual  ant i f erromagnet 1 c  ordering 
of  the  neighboring  spins.  A  Ginzburg-Landau'*  free  energy 
involving  two  order  parameters  was  proposed.  One  order  parameter 
was  the  sublattice  magnetization  1 „  =  -  Mj„) , 
representing  the  anti -f erromagneti cal  1 y  ordered  spins,  while  the 
second  was  total  magnetization  m«  =  E,Mi„,  correspondi ng  to  the 
component  of  f erromagnet i cal  1 y  ordered  spins.  We  noted  that  the 
f erromagneti c  order  never  developed  in  CdCraO»  and  ZnCr^O*,  but 
that  the  paramagnetic  spins  influenced  the  other  order  parameter 
and  gave  rise  to  a  temperature  dependent  magnetic  susceptibility. 


THEORY 

The  free  energy  as  a  functional  of  these  two  order  parameters 
1„  and  m„  is 


=  jd3r  [  will"  +  |ll  r  +  ilvir  +  a  I  m  I  |lmT  + 
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In  our  third  report  we  evaluated  the  specific  heat  in  the 


Gaussian  limit.  We  summarize  brie-fly  here  the  results  o-f  that 
calculation.  The  partition  function  is  given  by  the  functional 
integral  over  the  order  parameter  variables  1  and  m 
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The  functional  integral  was  performed  for  gaussian  fluctuations 
away  from  the  mean  values,  yielding  the  thermodynamic  free 
energy.  The  specific  heat  then  follows  from  the  free  energy  by 
taking  two  derivatives  with  respect  to  temperature. 
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where  the  coherence  length  for  the  ant i f err omagnet i c  order 
parameter  is  defined  by  =  &/ (XoTn,  and  the  f erromagnetic  one  by 
=  c/a.  C>  is  the  specific  heat  above  the  N£el  temperature, 

1 1  =  t  +■  rH2/4aJaDT m,  and  t =  1  -  rw/atf  =  1  +  r|a|/a£,  where  the 
reduced  temperature  t  =  <T  -  T^J/T,.,.  The  specific  heat  in  the 
region  below  the  transition  is  given  by  C<  ,  where  below  T*,,  the 
reduced  temperature  t  is  given  by  t  =  2  It  I  +  TH3 /4a2B0TN ,  and 
a  '  =  a  *■  r  \ot\/$  =  a  +■  ITal/fi.  We  will  return  to  these  eguations 
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when  we  compare  them  to  the  experimental  data  on  CdCr3CU  and 
ZnCr 2CU . 


COMPARISON  WITH  EXPERIMENT 

Figs.  (1)  to  (4)  show  the  results  o-f  tits  to  the  data  of 
Lawless*  an  CdCr30»,  while  Figs.  (5)  through  (8)  give  the  -fits 
tar  the  ZnCr30.»  data.  Fig.  (1)  shows  the  experimental  specitic 
heat  data*  tor  CdCr^*  tor  a  temperature  range  trom  zero  to  15K; 
the  transtion  is  at  about  8K.  To  tit  the  theoretical  expression 
(3)  to  the  experimental  data,  we  must  rewrite  the  theoretical 
tormula  in  a  claritied  parametric  torm.  However,  we  need  to 
first  address  a  limitation  of  our  original  result  (3a).  In  the 
present  case  we  are  interested  in  temperatures  well  above  the 
transition,  and  in  that  case,  we  need  a  formula  that  is  accurate 
at  higher  temper atures ,  unlike  (3a)  which  is  valid  for  t-1  «  1. 
In  Appendix  A  we  give  the  details  of  a  more  accurate  derivation; 
the  result,  however,  is  simply  to  remove  the  factors  of  (T/T^,)2 
from  Eq .  (3a).  These  factors  make  an  insignificant  change  near 

the  transition,  but  clearly  have  a  large  effect  for  T  £  2TN.  The 
result  is  the  following  form  far  the  specific  heat 

C  =  C  t  +  B  +  — - -  for  T  >  T  (4a) 

>  (t-l)“  N 

where  the  first  term  is  the  normal  specific  heat,  B  is  a 
background  term  arising  from  paramagnetic  fluctuations  and 
corrections  to  scaling,  and  the  last  term  is  the  singular 
contribution  from  the  anti-ferromagnetic  fluctuations. 

The  specific  heat  below  T„  is  rewritten  in  a  similar 

E-  51 


fashion;  in  this  case  it  is  important  to  take  into  account 
thermodynamic  relations  that  hold  for  the  entropy.  In 
Appendix  B  we  show  that  these  relations  lead  to  a  form  for 
the  specific  heat,  given  by  the  formula 

4  4 

C  ,  =  3C  t3  +  — — - -  +  - — - - —  for  T  <  T  (4b) 

[ (t-1 )  ]“  1 1+D < 1-t)  N 

where  A  =  3k»/ (  4tD?  ,  3 )  ,  B  =  3k»D2/ (4fD5„3)  ,  C  is  proportional  to 
the  density  of  states,  t  =  T/TM,  and  D  =  r«cTM/^a.  We  have 
generalized  the  result  using  a  scaling  argument  to  the  case  of 
critical  fluctuations;  a  may  then  take  on  values  different 
from  1/2.  The  paramagnetic  fluctuations  (the  last  term  in  (4b>) 
are  presumably  never  critical  since  those  degrees  of  freedom  do 
not  order,  thus  the  mean  field  exponent  of  Y2  accurate.  Finally, 
since  the  experimental  data  does  not  diverge  to  infinity,  we 
convolve  Eqs.  (4)  with  a  finite  temperature  resolution  <5t,  which 
is  determined  by  fitting  the  height  of  the  peak  at  T  =TN. 

From  Fig.  2,  it  is  clear  that  the  mean  field  value  for  «, 
namely,  «  =  0.5,  is  not  a  very  good  fit  to  the  specific  heat  data 
for  CdCr30»  .  In  Fig.  3,  a  value  Of  0.667  is  tried  for  a;  the 
fit  is  better.  However,  the  best  fit  is  obtained  for  a  =  1.5,  as 
shown  in  Fig.  4.  (See  also  Ceramphysics  Report  VI:  Critical 
Exponents.)  A  possible  explanation  for  such  a  large  value  of  a 
was  given  in  our  third  report,  and  involved  an  essential  role  of 
disorder.  It  should  be  noted  that  in  the  scaling  region  very 
close  to  the  transition,  a  careful  analysis  of  the  specific  heat 
data  finds  small  exponents,'7’  consistent  with  theoretical 


expectations  for  scaling  behavior  in  the  critical  region. 


In  our 


analysis  here  we  are  interested  not 


just  in  the  critical 


■fluctuations  near  the  transition,  but  rather  in  the  full  range  of 
temperature,  from  T  =  0  to  T  ~  2T^«,  which  involves  a  possible 
mean— field  region  and  corrections  to  scaling,  and  what  the 
general  form  of  the  specific  heat  reveals  about  the  internal 
structure  and  degrees  of  freedom  of  the  material. 

The  data  on  ZnCraQ*  is  compared  with  theory  in  the  second 
series  of  figures.  The  data*  is  shown  in  Fig.  5,  and  the  theory 
is  plotted  for  a  =  0.5  in  Fig.  6.  As  with  the  cadmium  material, 
the  fit  is  not  very  good.  A  plot  for  a  =  0.667  is  shown  in  Fig. 
7,  and  Fig.  B  gives  a  fit  using  cx  =1.5.  Again  it  may  be  seen 
that  the  value  of  a  =  1.5  gives  a  better  character i z at i on . 

The  fits  to  the  data  on  CdCr30»  and  ZnCr30.» 
are  summarized  in  Table  I  where  the  values  of  the  fitted 
parameters  are  gx /en. 

SUMMARY 

The  value  a  =  1.5  clearly  gives  the  best  fit  for  boti;  ZnCr30» 
and  CdCr30.*.  This  appears  to  indicate  that  a  significant  role 
for  disorder  must  occur  in  these  B-site  spinel  materials. 
Another  interesting  feature  that  may  be  extracted  from  the 
analysis  we  have  done  is  that  the  best  fits  occur  for  a  positive 
sign  of  D,  as  may  be  seen  from  Table  I.  The  values  of  D  must  be 
greater  than  -1,  otherwise  a  transition  to  a  ferromagnetic  state 
would  occur  at  some  temperature,  which  has  not  been  observed. 
A] though  it  was  not  possible  to  determine  D  with  a  great  deal  of 


prec l si  on 


the  value  of  +1  for  D  is  distinctly  bette 


t  h  an  a 


value  of  -1.  Since  the  sign  o-f  D  depends  an  the  sign  of  P,  this 
result  indicates  that  the  interaction  between  the  anti¬ 
ferromagnetic  and  incipient  ferromagnetic  order  parameters  is 
repulsive,  i.e.,  the  two  types  of  ordering  tend  to  inhibit  each 
other.  This  has  important  consequences  for  the  effect  of  doping 
on  these  materials  as  we  will  show  on  our  report  on  disorder 
ef  f  ec  t  s . 
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consistent  with  the  third  law  of  thermodynamics;  the  entropies  o-f 
the  normal  and  the  ordered  state  must  be  the  same  at  the 
transition.  This  requires 


rN  c 

,  ,T  ,  _  N 
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dT  =  VV  = 


The  tree  energy  is  given  by 


FM  =  FN  ~ 


where  we  choose  a  temperature  dependence  for  a  which  is  accurate 
at  both  low  temperature  and  near  the  transition  in  the  mean  field 
approx i mat i on 


T  -  T 


Eq.  (A3)  shows  that  o<  and  therefore  the  square  of  sublattice 
magnetization,  11=1=  =  -a/0,  is  linear  in  (T-TN)  near  the 
transition,  while  at  low  temperatures  the  order  parameter 
saturates  at  a  maximum  value.  Calculating  the  entropy,  S  = 
-ZF/Z T,  gives 


S  =  S„ 


—  [  ~ 

*  l  T. 


From  the  requirement  that  the  entropy  must  vanish  as  T  -*  0 


accordance  with  the  third  law  of  thermodynamics,  we  find  that 


S 


N 


as  T  -*  0 


(A5) 


The  normal  specific  heat  is  then 


a. 


CN  =  T  rr 
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(A6> 


while  the  specific  heat  in  the  magnetic  phase  is 


CM  " 


=  3C 


20T 
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(A7) 


Using  the  results  <A6)  and  (A7> ,  it  is  easilv  verified  that  the 


relationship  for  the  entropies  (Al)  is  satisfied 
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Appendix  B 

In  this  appendix  we  derive  a  more  accurate  -form  for  the 
fluctuation  specific  heat  in  the  region  above  the  transition 
temperature:  TN  <  T  <  2TW.  The  basic  result  is  that  the  factors 


of  T3  in  the  expression  <3a)  for  C>  are  removed  in  a  more 
accurate  treatment.  Near  the  transition  temperature  T^,  the 
factor  (T/T^j)  is  unity  so  there  is  no  difference  close  to  the 


transition.  However,  further  above  the  transition,  the  factor 
causes  the  fluctuation  specific  heat  to  increase  in  an  unphysical 
fashion. 


The  starting  point  of  a  more  careful  treatment  is  the 

observation  that  a  microscopic  treatment  of  the  fluctuations 
yields  an  expression  for  «  that  is  valid  over  a  larger 


temperature  range: 


a  =  a  T  In  [  —ip—  1 
°  N  l  TN  J 


From  Eq.  (III. 6)  (Eq.  (6)  in  our  third  report) ,  the  free  energy 
in  zero  magnetic  field  is 


F  =  -  V  ‘"[J?  5  D1kD"q  ='FU-">/kBT  ] 

r  ,3/2  ,3/: 
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Evaluating  the  specific  heat,  C  =  -T$3F/dT3,  gives  the  result 


c  =  _>l_  +  B  +  C 

c>  16IT  3  .  V*  B  CN 

?1  tl 
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where  t»  =  ln<T/T«),  x  =  1  +  ti,  and  B  is  a  constant  that  is 
independent  of  temperature  which  arises  both  from  the  1 
fluctuations  and  from  the  m  fluctuations.  Not  to  far  above  the 
transition  temperature  the  factor  x  is  esentially  equal  to  one. 
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INTRODUCTION 


In  our  last  report  on  our  research  on  the  B-site  spinel 
phases,  we  used  our  theoretical  model  -for  compounds  of  the  type 
represented  by  zinc  chromite,  ZnCr20^,  and  cadmium  chromite, 
CdCr20^,  to  fit  experimentally  thermal  properties  such  as  the 
specific  heat.  In  the  present  report  we  continue  this  comparison 
with  experiment  by  analyzing  the  experimental  data  on  thermal 
conductivity. 

We  recall  that  the  magnetic  properties  of  the  B-site  spinels 
were  characteri zed  by  weak  interactions  amoung  the  magnetic  ions 
and  consequently  low  magnetic  transition  temperatures . 1 ' z ° J  An 
important  feature  was  the  fact  that  the  arrangement  of  the 
magnetic  ions  on  the  lattice  leads  to  a  high  degree  of 
frustration  in  the  mutual  anti  ferromagnetic  ordering  of  the 
spins.  Our  first  approach  to  the  theory  of  these  materials  was 

4 

to  derive  a  Ginzburg— Landau  free  energy  which  involved  two  order 
parameters,  the  first  being  the  sublattice  magnetization  la  = 
Ei  “  Mja>  ,  representing  the  anti  ferromagneti  cal  ly  ordered 

spins,  and  the  second  the  total  magnetization  mK  = 
corresponding  to  the  component  of  f erromagneti cal 1 y  ordered 
spins.  The  f erromagnetic  order  never  appears  to  fully  develops 
in  CdCr204  and  ZnCrjO^  but  the  paramagnetic  spins  influence  the 
other  order  parameter  and  gave  rise  to  a  temperature  dependent 
magnetic  susceptibility.  The  specific  heat  showed  the 
singularity  at  T^  due  to  the  ordering  of  the  anti  ferromagnetic 
spins,  but,  in  a  very  interesting  feature,  the  specific  heat  was 


also  enhanced  below  TN  by  the  effect  of  the  fluctuations  in  the 
remaining  degrees  of  freedom.6  Finally,  in  a  transport  property 
like  the  thermal  conductivity,  we  found  that  the  fluctuations  in 
the  spin  ordering  gave  rise  to  characteri sti c  scattering 
effects.7  In  the  present  report  we  wish  to  consider  detailed  fits 
of  our  theory  to  the  thermal  conductivity  of  these  materials. 


REVIEW  OF  THEORETICAL  RESULTS 

We  summarize  briefly  here  the  theoretical  formualae  derived 
in  our  fourth  report  on  thermal  conductivity.  The  fundamental 
starting  point  in  calculating  the  thermal  conductivity  is  the 
Kubo  formula:^ 
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Because  of  the  difficulty  of  directly  exploiting  this  result  in 
the  absence  of  detailed  knowledge  of  the  microscopic  Green's 
function  G(u),  we  transformed  this  result  to  a  form  which  could 
be  related  to  our  phenomenological  Ginzberg-Landau  hami 1 toni an. ® 
The  thermal  conductivity  expression  Cl)  reduces  to  the  form7 

<*>  =  h  Z  Ctu.  Ck>  3  |v.(k)|2T.Ck)  cos2©  (2) 

V  k,i  1 

where  CCu^Ck)!  is  the  specific  heat  contribution  of  a  mode  with 
energy  Ck) ,  VjCk)  is  the  velocity  of  the  mode,  TjCk)  its 
relaxation-,  time,  and  V  is  the  volume.  A  kinetic  theory  argument 
gives  the  result  that  the  excitations  of  a  system  carry  heat  in 
proportion  to  the  specific  heat  C,  velocity  vQ, 


and  mean  free 


path  X 


X=4Cv  X  =  —  C  v  2  t  (3) 

3  o  o 

where  the  mean  free  path  is  related  to  the  scattering  time  t  by  x 
=  vqt.  Eq.  (2)  shows  that  all  modes  contribute  to  the  thermal 
conductivity  in  the  form  of  the  simple  Eq.  (3) ,  but  that  the 
contributions  are  summed  over  each  type  of  mode  i  and  its 
wavenumber  k . 

In  the  spinels,  we  are  concerned  with  the  contributions 
which  come  primarily  from  two  types  of  modes:  phonons  and  spin 
waves.  The  phonon  modes  provide  a  background  contribution  to  the 
thermal  conductivity,  while  the  spin  waves  give  a  contribution 
which  varies  strongly  in  the  vicinity  of  the  Neel  transition 
temperature  and  decreases  at  lower  temperatures.  The  reason  for 
the  latter  is  that  below  TN  a  good  fraction  of  the  heat  may  be 
carried  by  spin  waves  in  the  ordered  magnetic  phase.  At  low 
temperatures  the  fluctuations  in  the  magnetic  ordering  are  small 
and  the  spin  waves  propagate  freely.  As  the  temperature 
increases  toward  Tjg,  however,  fluctuations  increase  and  the  spin 
wave  scattering  also  increases,  thus  tending  to  decrease  the  spin 
wave  contribution  to  the  thermal  conductivity.  It  is  important 
to  note  that  the  spin  wave  modes  give  a  large  contribution  to  the 
specific  heat  near  T^,  though,  and  the  net  effect  on  the  thermal 
conductivity  reflects  the  competition  between  the  specific  heat 
and  the  scattering  effects. 

A  proper  evaluation  of  Eq.  (3)  for  the  thermal  conductivity 
would  involve  the  separate  estimation  of  the  contributions  of 


each  mode  to  the  specific  heat. 
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,  all  that  is 


experi mental 1 y  accessible  is  the  total  specific  heat. 


Examination  of  (3),  however ,  shows  that  when  a  large 


contribution,  from  the  spin  waves,  for  example,  dominates,  the 


thermal  conductivity  is  well  approximated  by  dividing  the  total 


specific  heat  by  the  total  scattering  rate.  Similarly,  far  above 


the  transition,  when  the  spin  wave  effect  is  small,  the  same 


approximation  is  valid.  Me  may  then  combine  our  successful  fit 


O 

of  the  specific  heat  from  our  last  report  with  our  calculation 


of  the  scattering  rate. 


Me  estimated  the  contribution  of  the  spin  waves  in  a  previous 


report  using  a  calculation  of  the  scattering  rate  of  the 


magnetic  modes.  In  Appendix  A  we  recalculate  the  expression  for 


the  scattering  of  spin  waves  in  order  to  obtain  an  result  which 


is  valid  over  an  extended  temperature  range.  The  result  reduces 


to  the  formula  we  obtained  in  Report  IV  for  temperatures  near  TN, 


but  gives  an  accurate  form  for  the  scattering  also  further  away 


from  the  transition.  The  result  we  obtain  in  Appendix  A  has  the 


form 
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Me  combine  these  results  with  the  fits  of  the  specific  heat 


mi 


that  we  made  in  our  last  report. 


For  completeness  we  include 
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here  the  -formulae  used  to  characterize  the  specific  heat.  The 
general  result  we  obtained  in  Reports  III  and  IV  was 


for  T  <  T.  (5b) 

N 


where  the  coherence  length  for  the  anti f erromagneti c  order 
parameter  is  defined  by  =  ^/c^T^,  and  the  ferromagnetic  one  by 
s  c/a.  is  the  specific  heat  above  the  N£el  temperature, 

€j  s  €,  and  si-  ra/afl  =  1  +  Plal/atf,  where  the  dimensionless 

temperature  t  =  T/TN,  and  the  reduced  temperature  €  =  t  -  1.  The 
specific  heat  in  the  region  below  the  transition  is  given  by  C,  , 
where  below  TN,  the  reduced  temperature  €'  is  given  by  €'  =  2161, 
and  a'  s  a  +  ri«x|/0. 

In  our  fifth  report  in  this  series^5  we  cast  the  equations  for 
the  specific  heat  in  a  parametric  form  which  could  be  fit  to 
experiment : 

CN  =  C  t  +  B  +  - - -  for  T  >  TK1  (6a) 

>  (t-l)“  N 

where  the  first  term  is  the  normal  specific  heat,  B  is  a 
background  term  arising  from  paramagnetic  fluctuations  and 
corrections  to  scaling,  and  the  last  term  is  the  singular 


contribution  from  the  anti-f erromagneti c  fluctuations. 


The  soecific  heat  below  TKI  is  rewritten  in  a  similar 


fashion: 


C<  =  3C  t' 


I <t-l >  1 


1 1 +D ( 1 — t )  1 


for  T  <  T  (6b) 
N 


where  A  =  3kg/  (4lT?j3)  ,  B  =  3k gD^/  (Air'll )  ,  C  is  proportional  to 
the  density  of  states,  and  D  =  raQTN/tfa. 


COMPARISON  WITH  EXPERIMENT 

Using  Eqs.  (2) ,  (4) ,  and  (6)  we  fit  the  thermal  conductivity 

O 

data  on  CdC^C^  and  ZnC^O^  We  use  the  a  =  W  fit  for  the 
specific  heat;  although  it  does  not  give  quite  as  good  a  fit  as  a 
=  l.S,  it  is  adequate  for  the  present  purpose,  and  it  is  not  as 
clear  how  to  use  a  scaling  argument  for  a  transport  property  to 
generalize  to  non— mean-field  exponents.  The  values  of  the 
constants  A,  B,  C,  D,  <St,  and  TN  were  determined  from  the 
specific  heat  data,  while  the  constants  a^ ,  ,  a^,  and  R  were 

determined  from  the  best  fit  to  the  thermal  conductivity.  The 
fitted  value  of  the  parameters  is  given  in  Table  I. 

We  note  some  interesting  features  of  the  results.  The  fact 
that  the  structure  in  the  thermal  conductivity  in  CdC^C^  is  much 
weaker  than  in  ZnC^O^  may  be  attributed  to  weaker  spin 
fluctuations,  together  with  a  larger  T^  background  due  to  both 
phonon  and  spin  wave  contributions.  The  structure  in  the  ZnC^O^ 
data  is  nicely  reproduced,  and  depends  essentially  on  two 
features  of  the  theory:  <l),the  factor  of  three  in  the 
fluctuation  scattering  rate  above  TN,  which  represents  the  fact 
that  three  components  of  the  sublattice  magneti zati on  contribute 
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above  compared  to  only  one  below,  the  other  two  components  giving 
rise  to  propagating  spin  waves  below  TN,  and  (2),  the  factor  of 
two  in  the  temperature  dependence  below  T^.  It  is  not  possible 
to  fit  the  thermal  conductivity  data  with  significantly  different 
values  of  these  two  constants,  which  are  basic  ingredients  of  the 
theory  we  have  developed,  and  depend  on  general  features,  like 
the  dimensionality  of  the  order  parameter. 

From  comparing  the  two  fits,  several  general  conclusions 
regarding  the  difference  between  the  two  spinels  are  possible. 
The  greater  structure  in  the  thermal  conductivity  of  the  Zn 
material  comes  from:  (1),  a  smaller  impurity  (a^)  contribution, 
possibly  because  of  larger  mi crostructural  domains,  (2) ,  a 
somewhat  larger  coherence  length  s:  l/a2>  ,  and  (3)  ,  a  much 
smaller  spin-wave/phonon  background  (a3> ,  seventy  times  smaller 
in  ZnCr20^  than  in  CdCroQ^.  Evidence  of  a  larger  phonon 
contribution  in  the  Cd  compound  is  clear  from  the  way  the  theory 
drops  below  the  experimental  thermal  conductivity  at  higher 
temperatures,  while  in  the  Zn  material,  the  spin  modes  appear 
much  mare  dominant. 
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Apoendix  A 


In  this  appendix  we  calculate  the  spin  -fluctuation  scattering 
■for  a  wider  range  o-f  temperatures  than  in  Report  IV7.  The 
contribution  to  the  scattering  is  proportional  to  the 
fluctuations  in  the  order  parameter  1,  since  the  spin  wave 
velocity  depends  on  the  stiffness  of  the  magnetic  order.  From  our 
earlier  report,  the  spin  wave  fluctuation  scattering  rate  is 
given  by 


1  _  v  s 

Tfl  *fl 

where  Xl  is  an 
energy  for  the 

O 

report  of  this 
order  parameter 


(Al) 


effective  Griineisen  constant.  From  the  free 
antif err^:..agnetic  state  described  in  the  second 
series  we  calculated  the  fluctuations  in  the 

1 


<  1*51  l">  = 


3  E 
Q 


£ 

q 
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a  +  <5  q 


=  3kBT  (C0 


VV 

C  ' 


k  T 

2  2  =  keT  ^C0  ~  cl(^lw,)  1 


T  >T 
<A2) 
T<T 


N 


2 |a I  +  ?  q 


N 


The  result  (A2>  is  valid  only  for  c^lal^  «  cQ,  which  is 
essentially  equivalent  to  <T  -  V  «  tn-  However,  in  comparing 
with  experiment,  a  larger  range  of  temperature  is  needed,  namely, 
T  s  2Tn.  The  difficulty  with  evaluating  Eqs.  (A2)  is  that  in 
three  dimensions  the  integrals  are  formally  divergent.  In  fact, 
the  Ginzberg-Landau  theory  has  implicit  in  it  a  cutoff  at  length 
scales  shorter  than  a  distance  of  order  ?Q,  the  zero  temperature 
coherence  length.  In  order  to  obtain  an  proper  expression  for 


the  fluctuations,  we  introduce  the  cutoff  R  explicitly 


<  141  l  >  = 


3  E 
q 


E 

q 


kBT 


_2  2 
a  +  ^  q 


2  2  2 
R  +  S  q 


t>tn 

(A3) 
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2  2 

2  la  I  +  ?  “q 


2  2  2 
R  +  5  q 


T<  T 


N 


The  form  of  the  cutoff  introduced  in  (A3)  insures  that  <|41|2> 
1/a  as  a  -»  ®,  as  it  should.  Carrying  out  the  integrals  gives 


<  141  l  >  = 


n 


tr 


(R  +  fa) 

„3 


for  T  >  T 


N 
(A4) 


[R  +  (2  I  a  | )  ^  ]2 


for  T  <  T 


N 


Combining  this  equation  with  the  expression  for  the  scattering 
rate  (Al)  and  writing  the  result  in  terms  of  the  temperature  and 
various  fitting  parameters  gives  Eq.  (4) ,  where  we  have  imposed 
the  requirement  that  the  scattering  rates  approach  the  same 
limiting  value  at  from  both  above  and  below,  which  introduces 
a  f3R  in  the  denominator  of  (4a) . 
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Table  I.  Theoretical  Parameters  Deduced  From  Experiment. 


A.  From  fits  to  the  specific  heat. 

TN  a  A  B  C  D  St 


CdCr 0O4  0. 05  . 50  1 • 55  . 25  . 45  1  . 0020 


ZnCr2Q4  10.75  .50  1.3  .35  .15  1  .0045 


B.  From  fits  to  the  thermal  conductivity. 

al  a2  a3  R 


CdCr'2°4  .0001  80  .70  .082 


ZnC^O^ 
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INTRODUCTION 

In  our  previous  reports  on  our  research  on  the  B-site  spinels 
represented  by  cadmium  chromite,  CdC^O^,  and  zinc  chromite, 

ZnC^O^y  we  analyzed  the  structure  o-f  the  spinel  lattice,1 

2  3 

developed  a  theoretical  model,  and  calculated  thermal  and 
transport  properties  o-f  the  materials.  In  our  last  two  reports, 
the  theoretical  calculations  were  compared  with  experimental  data 
on  the  specific  heat^  and  thermal  conductivity.6  In  this  report 
we  extend  the  theory  to  include  effects  of  doping  impurities. 

A  number  of  interesting  effects  arise  when  impurities  are 
substituted  into  the  B-site  spinel  lattice.  In  the  simplest 
picture  substitution  of  a  different  spin  in  the  lattice 
should  change  the  magnetic  transition  temperature  in  proportion 
to  the  difference  of  its  magnetic  moment  from  the  host  lattice 
moment:  a  larger  spin  should  increase  the  transition  temperature. 


spinels,  the  structure  of  the  spinel  class  of  ferrite  materials 
Mas  considered.^  In  particular,  the  two  materials  of  interest  in 
these  studies,  zinc  chromite,  ZnC^O^,  and  cadmium  chromite, 
Cdfr^C^,  were  shown  to  fit  into  a  pattern  of  magnetic  and 
structural  instabilities  at  low  temperatures.  We  summarize 
briefly  those  conclusions  as  a  starting  point  toward  under — 
standing  the  role  of  impurities.  The  metal  ions  may  occupy 
two  distinct  types  of  sites  in  the  spinel  lattice,  denoted  by  A 
and  B  as  shown  in  Fig.  1.®  When  magnetic  ions  sit  on  both  the 
sites,  a  strong  interaction  occurs  between  the  two  sublattice 
spins,  of  an  antiparallel  nature.  This  leads  to  a  high 
temperature  transition  usually  to  a  f err i magnetic  state;  since 
the  A  and  B  sites  are  inequivalent,  the  moments  on  the  A  and  B 
sites,  although  oppositely  alligned,  do  not  cancel'  completely. 

The  matter  is  rather  different  for  the  situation  where  the  A 

o 

site  is  occupied  by  the  nan-magnetic  ion  Zn  or  Cd.  In  this  case 
there  is  no  large  magnetic  interaction  between  the  A  and  B  sites; 
instead  a  much  weaker,  right-angle  bond  between  the  magnetic  ions 
on  neighboring  B  sites  is  the  dominant  interaction.  The  B-site 
spinels  are  character i zed  by  much  lower  magnetic  instablity 
temperatures  of  order  10  Kelvin  due  to  the  weaker  interaction, 
and  by  the  presence  of  "f rustration"  in  the  arrangement  of  bonds 
in  the  B  sublattice.  As  shown  in  Fig.  2,  frustration  occurs 
because  two  neighbors  of  a  given  spin  are  also  neighbors;  all 
three.  spins  cannot  then  be  alligned  in  an  antiparallel 

configuration.  As  a  result  there  is  a  tendency  for  the  lattice 
<=to  .distort  in  order  to  reduce  the  frustration  and  decrease  the 


ttj 


SCM 


energy.  The  spin  ordering  of  the  B-site  spinels  can  therefore  be 


very  complex  and  is  often  coupled  to  a  lattice  transformation, 
giving  rise  in  general  to  a  very  rich  set  of  low  temperature 


phenomena. 


it'd 


The  introduction  of  impurities  into  the  spinel  lattice  has 
several  consequences.  The  first  question  concerns  the  location 
of  the  iron  ion.  As  noted  in  our  first  report,  CdO^O^  and 
ZnC^O^  are  both  strong  normal  spinels;  the  Cr^+  ion  with  a  d3 
configuration  has  a  major  preference  for  the  B  site.  An  iron 
Fe^+  ion,  however,  with  a  d^  configuration,  has  a  preference  for 
a  tetrahedral  A  site.  Thus  it  is  not  clear  where  the  iron  ion 


m 


actually  goes  in  the  doped  materials,  so  we  will  consider  the 
possibility  of  bath  the  A  and  B  sites.  A  major  effect  of  the 
iron  impurity,  wherever  it  sits,  is  the  introduction  of  a 
magnetic  moment  on  the  iron  ion  which  is  appreciably  larger  than 
that  on  the  cromium  ion.  Table  I  gives  the  effective  magnetic 


moments  for  a  number  of  3+  ions. 


Table  I.  Effective  Experimental  Magnetic  Moments1 


We  consider  the  modifications  introduced  by  the  impurities  to 
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the  microscopic  Hamiltonian  which  describes  the  interaction 


between  the  spins  on  various  sites.  A  Cr  spin  on  a  B  site  i  is 
denoted  by  ,  while  a  Fe  spin  on  a  site  j  which  may  be  either  an 
A  or  a  B  site  is  labeled  Sj.  From  the  diagram  of  the  spinel 
structure  shown  in  Fig.l,  it  is  clear  that  the  interaction 
between  two  neighboring  B-site  spins  occurs  via  superexchange 
through  the  A  ion.  Since  this  B-A-B  bond  -forms  a  90°  angle,  the 
magnitude  o-f  the  interaction  is  very  weak.  However,  the  angle 
between  an  A  and  a  B  site  is  135s,  resulting  in  a  much  larger 
interaction.  Thus  the  interaction  between  the  Cr  spins  is 
always  weak,  while  the  size  o-f  the  Cr — Fe  spin  interaction  I^j 
depends  crucially  on  where  the  Fe  spin  is  located.  If  the  Fe  ion 
is  on  a  B  site,  the  magnitude  of  Ijj  should  be  comparable  to  J^. 
The  hamiltonian  with  impurity  spins  included  thus  has  the  form 


H  "  ^  J“ *  5SJ  * 


l  l“?  s  ,  S. 


ik  «i  Pk 


(1) 


where  the  Greek  indices  denote  Cartesian  coordinates  x,  y,  z, 
while  the  indices  i  and  j  run  over  B  lattice  sites,  k  over  either 
A  or  B  sites  depending  on  the  location  of  the  Fe  impurities,  and 
repeated  indices  are  summed  over.  We  have  not  included  direct 
Fe— Fe  interactions,  since  we  are  assuming  the  concentration  of  Fe 
is  low. 

We  now  examine  the  connectivity  of  the  lattice  sites  that  are 
coupled  by  (1).  Fig.  2  gives  a  topological  representation  of  the 
B  lattice  sites  of  the  host  lattice.  Considering  first  the  case 
where  an  iron  ion  goes  into  a  B  site,  we  see  that  the  result  is 
that  a  large  spin  replaces  a  Cr  one  at  the  corner  of  one  of  the 
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coupled  tetrahedra. 


The  iron  ion  interacts  with  the  spins  in 


each  of  the  two  tetrahedra  that  it  is  connected  to.  The  spins  in 
each  tetrahedra  are  coupled  anti ferromagneti cal 1 y  to  each  other , 
the  primary  source  of  the  frustration  in  this  lattice.  However, 
if  the  iron  goes  into  an  A  site,  then  the  large  interaction  with 
the  B-site  Cr  spins  insures  that  all  the  Cr  spins  align  anti- 
f erromagnetical 1 y  with  respect  to  the  Fe  spin,  thus  removing 
frustration  within  the  tetrahedron. 

The  simplest  mean  field  argument  says  that  the  transition 
temperature,  to  whatever  kind  of  magnetic  order,  occurs  for 


kBTc 


Z*<J.  .s. s  .  > 
i  J  i  J 


(2) 


where  Z  is  the  number  of  nearest  neighbors  of  a  spin.  Although 
not  always  quantitatively  accurate,  this  equation  often  gives  the 
correct  qualitative  result,  for  example,  the  drop  in  Tc  in  a 
diluted  spin  lattice.  For  our  problem,  this  mean  field  argument 
predicts  that  if  the  Fe  goes  into  B  sites  and  the  Fe-Cr 
interaction  is  comparable  in  magnitude  to  the  Cr — Cr  interaction, 
then  Tc  would  go  up  because  the  spin  moment  of  Fe  is  almost  twice 
as  large  as  that  of  Cr  (Table  I).  The  fact  that  this  does  not 
happen  indicates  that  mare  complex  phenomea  are  involved.  The 
main  thing  neglected  in  the  above  argument  is  the  role  of 
frustration  in  the  ordering. 

It  appears  likely  that  the  Fe  goes  into  the  B  sites, 
otherwise  the  large  exchange  interaction  between  the  A-B  sites 
would  give  an  increase  in  TN,  or  a  transition  to  some  other  kind 
of  magnetic  state  at  a  temperature  of  order  hundreds  of  degrees 


or  more.  Considering  the  Fe  on  the  B  site  then,  we  calculate  the 


lowest  energy  con-figuration  -for  an  Fe  ion  surrounded  by  two 


neighboring  tetrahedra  of  Cr  spins  as  shown  in  Fig.  3.  Denoting 


the  Cr — Cr  interaction  energy  by  E  =  Js  ,  and  the  Cr — Fe  energy  by 


Ej  =  IsS,  an  undoped  crystal  has  the  lowest  energy  far  two  up  and 


two  down  spins  in  each  tetrahedra,  with  a  total  energy  E  =  -4E0- 


With  the  iron  substituted,  that  configuration  energy  becomes  E  = 


-2EQ  -  2Ej.  Since  S  >  s,  from  Table  I,  then  E^  >  EQ.  However,  if 


the  Cr — Fe  interacton  is  large  enough,  the  energy  may  instead  be 


minimized  by  aligning  all  the  Cr  spins  antiparallel  to  the  Fe 


spin,  a  state  which  has  an  energy  E  =  -6Ej  +  6ED.  This  second 


configuration  has  a  lower  energy  if  Ej  >  2E  .  Using  the  values 


in  Table  I  gives  Ej  ~  1.6EQ,  indicating  that  the  host  spin 


configuration  remains  preferred,  but  that  the  second  config¬ 


uration  is  close  enough  to  it  in  energy  to  contribute  possible 


destablizing  fluctuation  effects. 


G I NZ BERG-LANDAU  THEORY  OF  DISORDER 


As  discussed  above,  the  insertion  of  a  larger  spin  into  the 


spinel  lattice  serves  to  polarize  the  surrounding  spins.  Since 


the  large  spin  does  not  fit  into  the  natural  anti f erromagneti c 


order  of  the  lattice  without  leaving  its  moment  partially 


uncancelled,  the  net  effect  is  to  produce  a  local  net 


magnetization;  the  anti f erromagnet  has  locally  been  converted 


into  a  f err i magnet,  with  incomplete  cancellation  of  the 


sublattice  magnetizations.  From  the  point  of  view  of  our 


Ginz berg— Landau  hamiltonian,  the  Fe'5  impurity  act  like  a  local 
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contribution  to  the  magnetization  order  parameter  m,  which 
interacts  with  the  anti f erromagneti c  order  parameter  1  primarily 
involved  in  the  transition.  Me  recall  the  free  energy  introduced 
in  our  second  report,  which  involves  the  two  order  parameters, 
the  anti -ferromagnetic  combination,  1^  =  E^  j  (Mia  ~  Mjw)  ,  summed 
over  all  pairs  of  oppositely  ordered  sublattices,  i  and  j  ,  and 
the  total  magnetization  m^  =  E^  Mio<: 


=  Jd3r-  [  will2  +  |ll|4  +  <S  I  v  •  1  1 2  +  a  I  m  1 2  +  |lm|4  + 


+  r II  |2 |m  I2-  m-H  ] 


where  1  denotes  the  anti f erromagneti c  order  parameter  which 
becomes  finite  below  TN,  and  a  =  aQ- (T-TN) /TN.  The  coefficients  0 
and  b  are  positive  for  stability,  while  a,  unlike  a,  remains 
positive  at  all  temperatures  since  no  spontaneous  iriagneti zati on 
occurs.  The  coupling  r  is  the  interaction  between  the  two  vector 
order  parameters  1  and  m  and,  from  the  discussion  in  the 
preceeding  section,  represents  the  destabilizing  effect  of 
paramagnetic  fluctuations  on  the  antif erromagnetic  spin  ordering. 

We  examined  the  mean  field  solutions  for  the  order  parameters 
obtained  by  setting  the  variation  of  the  functional  (3)  with 
respect  to  1  and  m  equal  to  zero 

|y  =  0  =  a  1  +  0llt2l  +  riml2l  (4a) 
=  0  =  a  m  +  b  l«|2m  +  ril|2m  -  H  (4b) 


For  weak  coupling  r  and  zero  magnetic  field  the  solutions  were 


h 


[  =?  ]1/2 


for  a  >  0  (T  >  T^) 
for  a  <  0  (T  <  TN> 


The  addition  of  Fe^+  impurities  gives  rise  to  a  local  value 
of  m,  even  though  the  thermal  average  of  m  remains  zero,  <m>  =  0, 
because,  on  average,  the  impurity  spin  moments,  randomly  located 
in  the  lattice,  have  no  net  long  range  orientational  order. 
However,  the  square  average  <m^>  is  finite.  The  equation  for  1 
then  becomes 


0  =  a  1  +  B  1 1  1 21  +  r<|m|2>l 


where 


<|m|2>  *  c  [  S  -  s  ]2 


where  c  is  the  concentration  of  Fe°  spin  impurities,  and  S  is 
the  Fe^+  spin  moment  and  s  the  Cr3+  moment.  Solving  Eq.  (5)  for 
the  sublattice  magnetization  1  gives 


II  I2  = 


-«  -  r<  |  m  I  > 
B 


which  is  valid  for  <x+r<|m|'£>  <  0.  The  transition  temperature 

Tn  is  given  by  the  requirement  that  1  just  vanish,  which  occurs 


a  =  —  T  < Imt  > 


which  may  be  rewritten  in  the  more  revealing  form 


v 


c  <  [  S  -  s  ]  > 


r  Up  2 

- —  <5.9  -  3.7)  c 

(X 
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where  we  have  inserted  the  experimental  values  -for  the  effective 


3+  ion  magnetic  moments  from  Table  I.  The  striking  thing  about 


Eq.  (10)  is  that  the  change  in  TN  depends  linearly  on  the 


concentration  (for  small  concentration)  and  that  the  sign  of  the 


effect  depends  on  the  sign  of  the  interaction  P. 


In  Fig.  4  we  have  plotted  Eq.  (10)  against  the  data7  on  the 


suppression  of  T...  From  the  experimental  slope,  we  may  extract 


the  value  of  r  ~  1.9*cc  /Ug  ,  a  value  which  is  reasonably  large 


indicating  a  strong  interaction  between  the  ferromagnetic  and 


anti ferromagnetic  ordering.  A  drop  in  TN  as  seen  in  the  doping 


experiments7  clearly  means  that  T  is  positive,  a  result  which  is 


consistent  with  the  value  of  r  needed  to  fit  the  specific  heat  in 


our  fifth  report.  Another  interesting  feature  is  that  the 


transition  extrapolates  to  zero  around  an  impurity  concentration 


of  10X,  a  value  at  which  the  nearest  neighbor  tetrahedra  of  Fig. 


3  would  begin  to  have  two  Fe^  impurities  present.  Thus  complete 


disruption  of  the  anti f erromagneti c  order  of  the  host  corresponds 


to  the  onset  of  direct  Fe-Fe  interactions,  and  presumably  another 


type  of  magnetic  phase. 


SUMMARY 


The  comparison  of  our  disorder  theory  with  experiment  is 


W  i**'  *'8  ~l*#  .l**  * 


satisfactory  and  gives  an  explanation  for  the  puzzeling  feature 
of  a  larger  spin  causing  a  drop  in  the  transition  temperature. 
The  rich  spin  ordering  properties  of  the  these  spinels  are 


clearly  responsible  for  the  complex  behavior  observed  in  the 
experimental  work  under  this  contract.  However,  further  work 
would  be  of  interest  in  order  to  understand  the  precise  mechanism 
for  the  effect  on  the  transition  temperature,  for  example, 
whether  the  transition  temperature  could  be  raised  by  reducing 
the  frustration  in  the  lattice  through  impurities  with  smaller 
spins  or  through  stabilization  of  lattice  distortions. 


E-94 


rwi 


L 


,v*>: 


>- 


AJV 


i ■ 


REFERENCES 


1.  B.R.  Patton,  "Theoretical  Spinel  Studies  I:  Structural 
Studies",  Progress  Report  -  AFQSR  Contract  #F49620-83-C-0129. 

2.  B.R-  Patton,  "Theoretical  Spinel  Studies  II:  Theoretical 
Models",  Progress  Report  -  AFOSR  Contract  #F49620-83-C-0129. 

3.  B.R.  Patton,  "Theoretical  Spinel  Studies  III:  Thermal 
Properties",  Progress  Report  -  AFOSR  Contract 
#F49620— 83— C-0129. 

4.  B.R.  Patton,  "Theoretical  Spinel  Studies  IV:  Thermal 
Conductivity",  Progress  Report  -  AFOSR  Contract 
#F49620— 83— C— 0 1 29 . 

5.  B.R.  Patton,  "Theoretical  Spinel  Studies  V:  Comparison  with 
Experiment  -  Specific  Heat",  Progress  Report  -  AFOSR  Contract 
#F49620-83-C-0 1 29 . 

6.  B.R.  Patton,  "Theoretical  Spinel  Studies  VI:  Comparison  with 
Experiment  -  Thermal  Conductivity",  Progress  Report  -  AFOSR 
Contract  #F49620-83-C-0129. 

7.  W.N.  Lawless,  "Spinel  Studies  XIII:  Doping  Studies",  "Spinel 
Studies  XI:  Fe^+  Doping  in  C(9/l) — Specific  Heat 
Measurements",  and  "Spinel  Studies  XVI:  Fe3+  Doping  in 
CC9/1) — Thermal  Conductivity  Measurements",  Progress  Reports 
-  AFOSR  Contract  #F49620-83-C-01 29. 

8.  K.J.  Standley,  Oxide  Magnetic  Materials ,  Oxford,  1962. 

9.  S.V.  Vonsovskii,  Magnetism ,  vol .  2,  Wiley,  1974. 

10.  N.W.  Ashcroft  and  N.D.  Mermin,  Solid  State  Physics ,  Holt, 
Rinehart,  and  Winston,  1976,  p.  657-8. 


Two  octants  of  the  spinel  unit  cell.  A  ions  are  on  tetrahedral  sites  and  B  ions  on  octahedral 
sites  of  the  O2'  anion  packaging. 


Fig.  1.  Spinel  Lattice  Structure 
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